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Existing ways of labeling and visualizing biomolecules such as nucleic acids and 
protein molecules rely on the “light” emitting properties of radioactive elements, 
chemical dyes and protein molecules. These labeling techniques have several 
drawbacks: radioactive markers have short life spans while organic dyes come in a 
limited number of colors and may quickly lose their glow. Therefore, it is still in great 
demand of more reliable and robust labeling fluorophores for sensitive and 
multiplexed imaging and quantitative determination of biomolecules in biological and 
biomedical research and applications.  
Recently, a new class of fluorescent labels has been produced by conjugating water-
soluble quantum dots (QDs) with biomolecules. The resultant nanoprobes can 
potentially overcome many of the functional limitations encountered with organic dyes. 
High-quality quantum dots are highly stable against photobleaching and have narrow, 
symmetric emission spectra. In particular, the emission wavelength of quantum dots 
can be continuously tuned by simply changing the particle size, and a single light 
source can be used for simultaneously excitation of all different-colored dots. These 
novel optical properties can render quantum dots ideal fluorophores for sensitive, 
multicolor, and multiplexing applications in molecular biology and bioengineering.  
For biological applications, the hydrophobic trioctaphosphine oxide (TOPO) ligands 
capped on the highly luminescent CdSe/ZnS quantum dots need to be displaced by the 
hydrophilic ligands to make them soluble in water. Bifunctional small organic ligands 
are often used to coat on the surface of quantum dots to render them water-soluble for 
biological applications. As these small ligands are easily desorbed from the surface of 
 VII   
quantum dots, and the inorganic cores are subsequently liable to be destroyed and 
further precipitate when exposed to oxidizers, acids or radiation. Their chemical, 
photochemical and thermal stability needs to be improved. For this purpose, 
bifunctional small organic ligands were designed and synthesized to be cross-linked to 
form a polymer shell on the surface of quantum dots, which can wrap the quantum dots 
hermetically to block the destructive factors. In this work, the resultant polymer-
shelled quantum dots were successfully prepared, and the cross-linked polymer-shelled 
structures were proven to greatly improve the chemical, photochemical and thermal 
stability of quantum dots, for the resultant quantum dots can retain their 
photoluminescence for a long time under acidic, oxidic, UV radiative and high-
temperature conditions. 
The obtained water-soluble polymer-shelled quantum dots can become more attractive 
if they are biocompatible. In this thesis, biocompatible cyclodextrins were used to coat 
the surface of quantum dots based on the host-guest interaction with the aliphatic 
capping reagents. Sodium dodecylsulfate was further used to transfer the quantum dots 
into aqueous solution. In our future work, stability of the biocompatible quantum dots 
will be improved by cross-linking organic ligands on their surface. The organic ligands 
for future work have been successfully synthesized. 
In this thesis, I have described synthetic routes to functional organic ligands, surface-
coating methods to prepare the water-soluble quantum dots by ligand exchange and 
further stabilize them by ligand cross-linking. A detailed investigation of stability and 
biocompatibility of the obtained water-soluble quantum dots was also conducted. 
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Chapter 1   General Introduction 
 
1.1 Introduction to Quantum Dots 
Colloidal semiconductor nanocrystals (quantum dots, QDs) stand amongst the most 
exciting research fields in chemistry, physics and biology.1-5 They have generated great 
fundamental and technical interests due to their novel size-tunable properties6-9 and 
their applications as light-emitting devices,10,11 lasers,12,13 and biological labels.14-17 In 
this section, an overview of the principles, preparations, properties and applications of 
quantum dots is presented. 
Recently, nano-science is devoted to understanding the changes in fundamental 
properties of materials as a function of their sizes, evolving from isolated atoms or 
small molecules to a bulk phase. This evolution is remarkable in the case of 
semiconductor nanocrystals.  An enormous range of fundamental properties is realized 
in a material by simply changing its size.18 There are two unique characteristics ideal 
of semiconductor nanocrystals, which are often called quantum dots. Firstly, it is 
important to realize that substantial variation of fundamental electrical and optical 
properties with reduced size will be observed when the electronic energy level spacing 
exceeds the temperature in any semiconductor material. For a quantum dot, electrical 
transport strongly depends on its size, mainly because of the large variation in energy 
required to add or remove charges on it. Figure 1.1 presents the electronic ramification 
of spatial confinement in a quantum dot. Its highest occupied molecular orbital 
(HOMO)-lowest unoccupied molecular orbital (LUMO) gap shifts to the higher energy 
and the resulting discrete electronic states emerge from the continuum of the bulk 
bands. This blue shift is referred to as quantum size effect.18 For example, the most 
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striking feature of quantum dots is the massive variation in optical properties as a 
function of size.3 Secondly, surface states have an important influence on the optical 
and electrical properties of quantum dots. At the surface of a pure inorganic 
semiconductor, substantial reconstructions in atomic positions occur, invariably 
leading to formation of energy levels within the energetically forbidden gap of the bulk 
solid. These surface states can trap electrons or holes and degrade the electrical and 
optical properties of the materials. For example, the surface states can act as centers for 
non-radiative decay, resulting in a decrease in luminescence efficiency.19 
Surface passivation is usually needed to avoid the non-radiative decay at the surface of 
the quantum dots by coating a thin layer of material with a much larger band gap. 
Quantum dots can be encapsulated either by a layer of organic ligands or by a shell of 
an inorganic material with a matched lattice structure.20-23 For example, Figure 1.2 
shows an organic ligand-passivated CdSe quantum dot.  A close packed monolayer of 
hydrophobic trioctyl phosphine oxide (TOPO) molecules assembles on the surface. 
This surface-capping layer has several critical roles: chemical bonding of affinity 
groups to the surface of the quantum dots permits high luminescence efficiency by 
passivating a manifold of surface state; organic tails provide an insulating layer that 
maintains the electronic isolation of the particles and sterically stabilizes dispersions of 
the quantum dots in a variety of solvents and polymer matrices.24 The semiconductor 
nanocrystal core (e.g. CdSe, CdS25) can also be passivated by a shell of an inorganic 
material (e.g. ZnS,25 Cd(OH)2,26 CdS27 or ZnSe28) with a larger band gap than the core 
material. A-particle-in-a-box model (Figure 1.3) is used to explain the passivation 
mechanism.  At the core/shell interface, there is an energy barrier, which prevents 
tunneling of the created charge carriers from the semiconductor cores to the shell 
materials, followed by non-radiative decay at the outer surface of the particle. In this 
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way, the electrons and the holes are confined in the semiconductor core, resulting in 
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Figure 1.2 An organic ligand-passivated CdSe quantum dot with a crystalline core and 
a close packed monolayer of TOPO molecules. 
 
 
     
 
 





Figure 1.3 Schematic core and core/shell potentials and electronic energy levels 
described by the a-particle-in-a-box model: A presents a CdSe core, while B represents 
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1.2 Advances in Preparation of Quantum Dots 
It is very important to prepare high-quality quantum dots for promising applications. 
The term “high-quality” has been defined as follows:29 desired particle size, large size 
range, narrow size distribution, good crystallinity, desired surface properties, and, in 
the case of luminescent materials, high quantum yield (QY).  A lot of effort has been 
made to achieve high-quality quantum dots, progressing from the low-temperature 
methods to the high-temperature methods. 
 
1.2.1 Low-Temperature Methods 
Many low-temperature reactions have been developed for the preparation of quantum 
dots. The two most prevalent schemes entail thiol-stabilized aqueous-phase growth and 
inverse-micelle (microemulsion) methods. For the thiol-stabilized aqueous-phase 
methods, typically, the metal perchlorate salt is dissolved in water, and the thiol 
stabilizer is then added. After the pH is adjusted to > 11 and the solution is deaerated, 
the chalcogenide is added as the hydrogen chalcogenide gas. The addition of the 
chalcogenide induces particle nucleation. The nucleation process appears not to be an 
ideal, temporally discrete event, as the initial particle-size dispersion is large. The 
initial particle size can be roughly tuned by changing the identity of the thiol ligand. 
The thiol binds to the metal ions in solution prior to particle nucleation, and extended 
X-ray absorption fine structure studies shows that if the thiol stabilizers bind 
exclusively to metal-thiol interaction, larger or smaller particle sizes can be obtained.41 
The advantage of room temperature, aqueous-based reaction lies in their ability to 
produce nanocrystal compositions that are unattainable by high-temperature pyrolysis 
methods. Of the II-VI semiconductor compounds, Hg-based materials are thus far 
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restricted to the temperature-ligand combination afforded by the aqueous thiol 
stabilized preparations. The nucleation and growth of mercury chalcogenides have 
proven difficult to control in high-temperature, non-aqueous reactions. Relatively weak 
ligands such as thiols promote the reductive elimination of metallic mercury at 
elevated temperature. Very high photoluminescence (PL) efficiencies (up to 50%) are 
reported for HgTe quantum dots prepared in water.42 However, the as-prepared 
samples yield broad PL spectra.  
An alternative low-temperature approach is the inverse-micelle method. In general, the 
reverse-micelle approach entails preparation of a surfactant-polar solvent-nonpolar 
solvent microemulsion, where the content of the spontaneously generated spherical 
micelles is the polar-solvent fraction and that of the external matrix is the nonpolar 
solvent. The surfactant is commonly dioctyl sulfosuccinate, sodium salt (AOT). 
Precursor cations and anions are added and enter the polar phase. Precipitation follows 
and particle size is controlled by the size of the inverse-micelle nanoreactors, as 
determined by the water content, W, where W = [H2O] / [AOT].  
For example, AOT is mixed with water and heptane, forming the microemulsion.  Cd2+ 
was stirred into the microemulsion, allowing it to become incorporated into the interior 
of the reverse micelles. The selenium precursor is subsequently added, and on mixing 
with cadmium, nucleats colloidal CdSe. Untreated solutions are observed to flocculate 
within hours, yielding insoluble aggregated nanoparticles. In addition, excess water 
accelerated this process. However, promptly evaporating the solutions to dryness and 
removing micellar water yield surfactant-encased colloids that can be provided by first 
growing a cadmium shell via further addition of the Cd2+ precursor to the 
microemulsion, followed by addition of phenyl (trimethylsilyl) selenium (PhSeTMS). 
PhSe-surface passivation promotes precipitation of the colloids from the 
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microemulsion. The colloids can be collected by centrifugation or filtration, and 
redissolved in pyridine.43 Quantum dots prepared in this method suffer from significant 
trap-state PL, thus very low QYs. 
In general, the quantum dots prepared by low-temperature methods suffer from 
relatively wide size dispersion (σ > 20%) and often exhibit significant trap-state PL. 
The trap-state PL is inherently weak and broad compared to band-edge PL, and it is 
less sensitive to quantum size effects and particle size controls. Further, low 
temperature preparations are limited in their applicability to relatively ionic materials. 
Higher temperatures are required to prepare crystalline covalent compounds.40 
 
1.2.2 High-Temperature Methods 
The most successful preparation of high-quality quantum dots entails pyrolysis of 
metal-organic precursor in hot coordinating solvents (120 ~ 360 °C). Understood in 
terms of La Mer diagram of colloidal particle nucleation and growth,9,30 the preparative 
route involves a temporally discrete nucleation event followed by relatively rapid 
growth from solution-phase precursors and finally slower growth by Ostwald ripening. 
Nucleation is achieved by quick injection of a precursor reagent and super-saturation 
of the formed “monomers” that is partially relieved by particle generation. Growth 
then proceeds by addition of monomers from solution to the quantum dot nuclei. 
Precursor concentrations are below the critical concentration for nucleation. Thus, 
these species only add to existing particles, rather than form new nuclei.31 Once 
precursor concentrations are sufficiently depleted, growth can proceed by Ostwald 
ripening. Here, sacrificial dissolution of smaller (higher-surface-energy) particles 
results in growth of larger particles and fewer particles in the system.  
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Recently, the preparations for II-VI semiconductors have been improved so that they 
specifically avoid the Ostwald ripening growth regime. One such method maintains the 
regime of relatively fast growth (the “size-focusing” regime) by adding additional 
precursor monomer, which is not sufficient to nucleate more particles. Instead, 
precursors add to existing particles and promote relatively rapid particle growth. Size 
focus can be achieved, as precursor preferentially adds to smaller particles rather than 
to larger ones. Alternatively, growth can be stopped during the fast-growth stage by 
removing the heat source, and sizes are limited to those relatively close to the initial 
nucleation size. Because nucleation size can be manipulated by changing precursor 
concentration or reaction injection temperature, narrow size dispersions of controlled 
average particle size can be obtained by this method of simply stopping the reaction 
shortly following nucleation, during the rapid-growth stage. 
Because of the ease with which high-quality sample can be prepared, the II-VI 
compound CdSe has been regarded as the model quantum dot and been the subject of 
much basic research into the electronic and optical properties of quantum dots. CdSe 
quantum dots can be reliably prepared from pyrolysis of a variety of cadmium 
precursors, including alkyl cadmium compounds and a variety of cadmium salts, 
combined with a selenium precursor prepared simply from selenium powder dissolved 
in trioctylphosphine (TOP) or tributylphosphine (TBP). Initially, the surfactant-solvent 
combination used technical-grade TOPO and TOP. More recently, technical grade 
TOPO has been replaced with pure TOPO to which phosphonic acids have been added 
to controllably mimic the presence of the technical grade impurities.36 In addition, 
TOPO has been replaced with various fatty acids. The fatty acids systems are 
compatible with the full range of Cadmium precursors, but they are most suitable for 
growth of larger quantum dots. Each Cadmium precursor is typically dissolved in the 
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fatty acid at moderate temperatures, converting the Cadmium compound to Cadmium 
stearate. Alkyl amines have also been successfully employed as CdSe growth media. 
Incompatible systems are those that contain the anion of a strong acid and thiol-based 
systems.37 Perhaps, the most successful system, in terms of producing high quantum 
yields (QYs) in emission and monodisperse samples, uses a complex mixture of 
surfactant: stearic acid, TOPO, hexadecylamine, TBP, and dioctylamine.38 
 
1.3 Quantum Dots as Biological Labels 
1.3.1 Unique Optical Properties of Quantum Dots  
Recent successful preparation of high-quality quantum dots makes them as a new 
generation of fluorescent nanomaterials. The applicability of quantum dots as 
fluorescent probes is exampled in Table 1.1, where their properties are compared with 
those of traditionally used fluorescent organic dyes. From this table, it is evident that 
quantum dots present considerable advantage over the organic dyes. Of the properties 
described in Table 1.1, properties 1 and 2 are especially important since they permit 
multiplexed analysis - studies in which more than one fluorophore is interrogate 
simultaneously. Although conventional fluorescent probes have been used successfully 
in multiplexed assays,44,45 the specific excitation frequencies and broad emission 
spectra characteristic of organic fluorophores mean that the number of fluorescent dyes 
that can be employed simultaneously, whilst retaining the optical independence of each, 
is limited. Conversely, the broadband excitation and narrow bandwidth emission 
characteristics of quantum dots mean that they can make excellent probes for use in 
multiplexed type analyses.  
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Quantum dots permit greater assay sensitivity than organic dyes since they are highly 
luminescent. In comparative studies with Rhodamine, Chan and Nie have quantified a 
difference in emission intensity of 20 : 1, i.e. one quantum dot emits the same amount 
of light as 20 Rhodamine molecules.15 They also report that quantum dots are 100 
times as stable as organic dyes against photobleaching - a phenomenon whereby 
photo-excited organic molecules undergo irreversible chemical reaction and are no 
longer capable of fluorescence. Organic dyes are also readily susceptible to quenching, 
while quantum dots are isolated from quenching by shell and/or capping layers.  
 
Table 1.1 Desirable features of luminescent quantum dot probes: comparison of the 
properties of conventional organic dyes and quantum dots. 
 
 Property Organic Dye QD Probe 
1 Broadband Excitation × √ 
2 Narrow Bandwidth Emission × √ 
3 Emit Light of High Intensity Moderate √ 
4 Available in Many Colors √ √ 
5 Readily Attachable to Analytes √ Moderate 
6 Resistant to Quenching × √ 
7 Photochemical Stable × √ 
8 Cheap and Readily Available √ × 
 
1.3.2 Surface-Passivation and Functionalization of Quantum Dots  
Due to their size-dependent photoluminescence tunable across the visible spectrum, 
CdSe/ZnS quantum dots are the most extensively investigated ones as fluorescent 
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labels. The CdSe/ZnS quantum dots are generally produced with a capping group such 
as trioctylphosphine oxide (TOPO) to prevent the quantum dots from aggregation and 
make them stable in some organic solvents such as toluene. However, TOPO is 
hydrophobic and thus quantum dots capped with TOPO are not compatible with 
aqueous assay conditions. Consequently, for biological applications, hydrophilic 
capping reagents must be introduced after synthesis of quantum dots. TOPO ligands 
can be readily displaced by treatment of capped quantum dots with excess of 
competing capping groups.46 In 1998, two breakthrough works made quantum dots 
soluble in water, which introduced quantum dots to the biological field. In one work,14 
Alivisatos and coworkers directly absorbed 3-(mercaptopropyl) trimethoxyilane onto 
the quantum dots in which TOPO molecules were displaced. A silica/siloxane shell 
was formed on the surface by introduction of base and hydrolysis of the silanol groups. 
The quantum dots became soluble in intermediate polar solvents such as N, N- 
dimthylformamide (DMF), and further reaction with bifunctional methoxyl 
compounds rendered the quantum dots soluble in aqueous solution. Another work was 
reported by Nie,15 to prepare water-soluble quantum dots involving the direct 
adsorption of mercaptoacetic acid to the surface of quantum dots surface, because the 
mercaptoacetic acid group is hydrophilic and reactive to biomolecules. Water-soluble 
quantum dots can also be prepared via polymer coating,47 dendrimer coating48 and 
protein coating49 methods. 
 
1.3.3 Bioconjugation of Quantum Dots  
For bioapplications, fluorescent quantum dots are to be conjugated to biomolecules 
(also called analyte binding partners) which have binding affinity for given analytes to 
form marker compounds or probes. In such a probe, the quantum dot serves as a label 
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or tag which emits radiation, for example, in the visible or near infrared range of the 
electromagnetic spectrum, that can be used for the detection of given analytes.  
Biomolecules can be attached to the surface of surface-functionalized quantum dots. 
Conventional synthetic methodologies can be used to link biomolecules covalently to 
the capping layer that surrounds each quantum dots. The first example of such covalent 
attachment used standard carbodiimde-based chemistry to couple both transferring and 
IgG to mercaptoacetic acid-coated nanocrystals.15 In each case, two to five protein 
molecules per quantum dot were coupled. Alivisatos and co-workers immobilized N-
hydroxysuccinimide ester activated biotin covalently onto the surface of quantum dots 
allowing subsequent streptavidin-quantum dot conjugates to be immobilized.14 In an 
important recent development, Arnheim and co-workers described activating the free 
hydroxyl groups of dithiothreitol capped CdSe/ZnS quautum dots as carbonyl 
diimidazole (CDI) derivatives.50 These CDI-activated quantum dots reacted readily 
with 5´-aminated oligonucleotides, simply by mixing and stirring, to form stable 
carbamate linkages. Preactivating of quantum dots in this manner ensures that the 
coupling procedure is trivial and negates any requirement for additional coupling 
reagents. Moreover, since such modified oligonucleotides are readily available 
commercially, this immobilization technique has generic applicability for the quantum 
dots labeling of nucleic acids. The methodology is not restricted to 5´-aminated 
oligonucleotides. In theory, any molecule that possesses an appropriate nucleophilic 
center, such as the amino termini of a peptide or protein, may be labeled with quantum 
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1.3.4 Application in Biological Labeling 
Many assay formats can be used to monitor biological processes in vitro, but following 
a reaction in vivo is generally more problematic because of difficulties of internalizing 
the probe into the cell. Interestingly, quantum dots have found utility as biological 
labels both in vitro and in vivo.  
Chan and Nie demonstrated the first example of an in vitro bio-assay by utilizing 
quantum dots in an immunoassay.15 Specifically, IgG antibodies labeled with quantum 
dots were incubated with polyclonal anti-IgG antibodies. The polyclonal antibody 
recognized and agglutinated the IgG-coated quantum dots, a process that was readily 
followed by fluorescent microscopy. In contrast, no such agglutination was observed 
in a control reaction that substituted bovine specific albumin (BSA) for the anti-IgG 
antibodies. Recently, Bawendi’s group reported another example of using quantum 
dots to probe a protein-ligand interaction in vitro.49 Interactions between maltose 
binding protein-basic leucine zipper-coated quantum dots were described. Binding 
could be reversed by the addition of free maltose. These experiments showed that the 
bioactivity of the maltose binding protein remained intact despite being part of a fusion 
protein immobilized onto the surface of a quantum dot via polyelectrostatic 
interactions. It has also been reported recently that quantum dot labeling has no effect 
on the activity of trichosanthin, a type-I ribosome-inactivating protein.51 Similarly, 
ssDNA retains its natural ability to hybridize to complementary sequences while 
immobilized on quantum dots.52 This property has been exploited to generate 
nanoparticle arrays of DNA-functionalized quantum dots that self-assemble 
spontaneously.  
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In a biological context, quantum dots monitored DNA hybridization has already been 
applied in a fluorescence in situ hybridization (FISH) assay.50 As expected, quantum 
dots labeled oligonucleotide gave weak fluorescent signal to the non-specific 
hybridization while strong signal to the specific hybridization. A major advance is the 
incorporation of quantum dot probes into polymer beads and the use of these beads in 
multiplexing assays of biological molecules. Specifically, Han and Nie have developed 
methodology that enables different sized, hydrophobic CdSe/ZnS quantum dots to be 
embedded, at precisely controlled ratios, into the outer surfaces of polystyrene-acrylic 
acid divinylbenzene cross-linked microspheres.16 The polymer-encapsulated quantum 
dots retained their characteristic optical properties and there was no evidence of intra-
bead fluorescence resonance energy transfer. Thus, in theory, using combinations of 
different intensities it should be possible to generate thousands of unique optically 
coded beads and use these materials in multiplexing assays. The authors demonstrated 
the concepts by successfully carrying out a multiplexed DNA hybridization assay 
using triple-colored beads. It is to be expected that future in vitro developments will 
see the use of quantum dots labeled probes in genomic/proteomic microarray-based 
studies. 
The first in vivo applications of quantum dots were described by two groups. Chan and 
Nie used fluorescent imaging to monitor the uptake of transferrin quantum dot-
bioconjugates into living HeLa cells via receptor-mediated endocytosis.15 Alivisatos 
and coworkers both stained the nuclei of 3T3 mouse fibroblast cells with green 
silanised quantum dots and simultaneous labeled actin filaments in the same cells by 
using biotinylated quantum dots via a series of ligand-receptor interactions. The 3T3 
cells were then interrogated by confocal fluorescence microscopy, using light from just 
a single excitation source, experiments which showed clearly the non-specific green, 
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the more specific green and the more specific red staining of the nuclei and filaments, 
respectively.54 A recent advance is the use of the time-gated fluorescence microscopy 
to monitor quantum dots internalized within living cells. By exploiting the length of 
quantum dot photoemissions, it is possible to introduce a time delay between 
excitation and detection that reduces significantly the natural auto-fluorescence of the 
cells, resulting in a great enhancement in signal-to-noise ratios. This advance coupled 
with multiplexing assays could result in the realization of single quantum dot probe as 
fluorescent probes of intracellular events.55 
Although there are still relatively few published examples of biological applications, 
the fundamental principles for using quantum dots as biological luminescent probes 
have been established. On-going development of multiplexing strategies can only 
increase their importance. 
 
1.4 Thesis Overview 
As discussed above, luminescent quantum dots are promising nanomaterials for 
biological applications. In this thesis, efforts are thus made to prepare stable water-
soluble quantum dots, with the emphasis on designing and synthesizing functional 
organic ligands, which are used to coat on the surface of CdSe/ZnS quantum dots to 
make them as reliable and robust biological labels. 
This thesis includes five chapters. In Chapter 1, a general introduction of quantum dots, 
their properties and applications are presented. In Chapter 2, the general synthetic and 
characterization technique for functional organic ligands are described for the 
preparation of water-soluble quantum dots, and the optimized conditions to synthesize 
these organic compounds are discussed. In Chapter 3, the methods to stabilize the 
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water-soluble quantum dots by cross-linking surface-attached organic ligands are 
described. The obtained polymer-shelled quantum dots are proven to have chemical, 
photochemical and thermal stability. In Chapter 4, cyclodextrins are used to coat on the 
surface of quantum dots based on the host-guest interaction with the aliphatic capping 
reagents to prepare biocompatible quantum dots, then sodium dodecylsulfate is used to 
transfer them into aqueous solution. Chapter 5 summarizes the synthetic routes to 
functional organic ligands, coating methods to prepare the water-soluble quantum dots 
by ligand exchange and further stabilize them by ligand cross-linking along with 
investigation results of the properties of the resultant water-soluble quantum dots. 
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Chapter 2 Characterization Techniques and 
General Synthesis Procedures for Organic 
Ligands 
 
Nine functional organic ligands (target products) were obtained in this work through 
the successful synthesis of twenty-four intermediate organic compounds. Five of the 
nine bifunctional ligands are to be used for the preparation of polymer-shelled 
quantum dots, which will be described in Chapter 3; the other four are to be used for 
the preparation of cyclodextrin derivative-encapsulated quantum dots, which will be 
described in Chapter 4. Molecular structures of all these organic ligands and their 
intermediate compounds were characterized by Proton Nuclear Magnetic Resonance 
(1H NMR), Carbon Nuclear Magnetic Resonance (13C NMR), Mass Spectrometry 
(MS) or Fourier Transform Infrared Spectroscopy (FTIR).  
 
2.1 Principles of Characterization Techniques 
Nuclear Magnetic Resonance Spectroscopy (NMR), Mass Spectrometry (MS) and 
Fourier Transform Infrared Spectroscopy (FTIR) techniques can be used to determine 
the complete molecular structures of complex organic compounds. In general, the 
following information can be obtained from each analytical technique: NMR provides 
the positions of proton and carbon atoms in organic molecules, MS provides 
information about molecular weights, and FTIR provides information about functional 
groups of molecules.  
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2.1.1 Nuclear Magnetic Resonance Spectroscopy (NMR)1,2 
Nuclear Magnetic Resonance Spectroscopy (NMR) is the most valuable spectroscopic 
technique available to organic chemists. It is the method of structure determination that 
organic chemists first turn to for information. It provides the carbon-hydrogen 
framework of an organic molecule.  
Many kinds of atomic nuclei behave as if they were spinning about an axis, much as 
the earth spins daily. Since they are positively charged, these spinning nuclei act like 
tiny bar magnets and therefore interact with an external magnetic field, denoted B0. 
Not all nuclei act as this way, but fortunately for organic chemists, both the proton (1H) 
and the 13C nucleus do have spins. In the absence of an external magnetic field, the 
spins of magnetic nuclei are oriented randomly. When a sample containing these nuclei 
is placed between the poles of a strong magnet, however, the nuclei adopt specific 
orientations, much as a compass needle orients in the earth’s magnetic field. A 
spinning 1H and 13C nucleus can orient so that its own tiny magnetic field is aligned 
either with (parallel to) or against (anti-parallel to) the external field. The two 
orientations do not have the same energy and therefore are not equally likely. The 
parallel orientation is slightly lower in energy by an amount that depends on the 
strength of the external field, making this spin state very slightly favored over the anti-
parallel orientation (Figure 2.1). 
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Figure 2.1 (a) Nuclear spins are oriented randomly in the absence of an external 
magnetic field, but (b) have a specific orientation in the presence of an external field 
(B0). Note that some of the spins are aligned parallel to the external field while others 
are anti-parallel. The parallel spin state is slightly lower energy. 
 
If the oriented nuclei are now irradiated with electromagnetic radiation of the proper 
frequency, energy absorption occurs and the lower-energy state “spin-flips” to the 
higher-energy state. When this spin-flip occurs, the magnetic nuclei are said to be in 
resonance with the applied radiation-hence the name nuclear magnetic resonance. The 
exact frequency necessary for resonance depends both on the strength of the external 
magnetic field and on the identity of the nuclei. If a very strong magnetic field is 
applied, the energy difference between the two spin states is larger, and the higher-
frequency (higher-energy) radiation is required for a spin-flip. If a weaker magnetic 
field is applied, less energy is required to effect the transition between nuclear spin 
states. In practice, superconducting magnets that produce enormously powerful fields 
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up to 14.1 Tesla (T) are sometimes used, but field strengths in the range of 1.41-4.7 T 
are more common. At a magnetic field strength of 1.41 T, so called radiofrequency (rf) 
energy in the 60 MHz range is required to bring an 1H nucleus into resonance, and rf 
energy of 15 MHz is required to bring a 13C nucleus into resonance. All nuclei with an 
odd number of protons and all nuclei with an odd number of neutrons show magnetic 
properties. Only nuclei with even number of both protons and neutrons do not give rise 
to magnetic phenomena. All nuclei in molecules are surrounded by electrons. When an 
external magnetic field is applied to a molecule, the moving electrons set up tiny local 
magnetic fields of their own. These local magnetic fields act in opposition to the 
applied field so that the effective field actually felt by the nucleus is a bit smaller than 
the applied field. 
Beffective = Bapplied – Blocal    (Eq. 2.1) 
Nuclei are shielded from the full effect of the applied field by the circulating electrons 
that surround them. Since each specific nucleus in a molecule is in a slightly different 
electronic environment, each nucleus in a molecule is in a slightly different extent, and 
the effective magnetic field is not the same for each nucleus. If the NMR instrument is 
sensitive enough, the tiny differences in the effective magnetic fields experienced by 
different nuclei can be detected, and a distinct NMR for each chemically distinct 
carbon or hydrogen nucleus in a molecule can be observed. Thus, the NMR spectrum 
of an organic compound effectively maps the carbon-hydrogen framework. With 
practice, it is possible to read the map and thereby derive structural information about 
the unknown molecule. 
NMR spectra are displayed on charts that show the applied field strength increasing 
from left to right. Thus, the left part of the chart is the low-field, or down-field, and the 
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right part is the high-field or up-field. Nuclei that absorb on the down-field side of the 
chart require a lower field strength for resonance, implying that they have relatively 
little shielding. Nuclei that absorb on the up-field side require higher field strength for 
resonance, implying that they are strongly shielded. To define the position of an 
absorption, the NMR chart is calibrated and a reference point is used. In practice, a 
small amount of tetramethylsilane (TMS) is added to the sample so that reference 
absorption is produced when the spectrum is run. TMS is used as reference for both 1H 
and 13C measurements because it produces in both kinds of spectra a single peak that 
occurs at up-field of other absorptions normally found in organic compounds. The 
position of the chart at which a nucleus absorbs is called its chemical shift. By 
convention, the chemical shift of TMS is set as the zero point, and other absorptions 
normally occur downfield, to the left on the chart. NMR charts are calibrated using an 
arbitrary scale called delta scale. One delta scale unit (δ) is equal to 1 part per million 
(ppm) of the spectrometer operating frequency. The following equation can be used for 
any absorption: 
δ = Relative chemical shift to TMS (Hz) / Spectrometer frequency (MHz)  (Eq. 2.2) 
For 1H, the area under each peak is proportional to the number of protons which cause 
that peak. By electronically measuring, or integrating, the area under each peak, it is 
possible to measure the relative number of each kind of proton in a molecule. It is 
often observed that the absorption of a proton splits into multiple peaks (a multiplet) 
caused by spin-spin splitting, the phenomenon of multiple absorptions is caused by the 
interaction, or coupling, of the spins of nearby nuclei. The signal of a proton has n 
equivalent neighboring protons is split to a multiplet of n + 1 peaks.  
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2.1.2 Mass Spectrometry (MS)1,2 
At its simplest, mass spectrometry (MS) is a technique for measuring the mass, and 
therefore the molecular weight of a molecule. In addition, it is often possible to gain 
structural information about a molecule by measuring the masses of fragments 
produced when molecules are broken apart.  
A mass spectrometer is an instrument that can separate charged atoms or molecules 
according to their mass-to-charge ratio. The sample is introduced into the mass 
spectrometer, which is generally kept under high vacuum (< 10-5 mBar). Compounds 
are converted into gas phase molecules either before or during the charging or 
ionization process, which takes place in the ion source. Once ionized, the molecule ion 
may fragment, producing ions of lower mass than the original precursor molecule. 
These fragment ions are dependent on the structure of the original molecule. 
There are several kinds of mass spectrometers available depending on the different 
ionization techniques. The techniques include electron ionization (EI), chemical 
ionization (CI), fast atom bombardment (FAB), matrix assisted laser desorption 
ionization (MALDI) and electrospray ionization (ESI). The type of compound to be 
analyzed and the specific information required determines which ionization technique 
is most suitable. 
In this project, the most common used technique is EI. A small amount sample is 
vaporized into the mass spectrometer, where it is bombarded by a stream of high-
energy electrons. The energy of the electron beam can be varied but is commonly 
around 70 electron volts (70 eV). When a high-energy electron strikes an organic 
molecule, it dislodges a valence electron from the molecule, producing a cation radical. 
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RH   → RH+ + e-    (Eq. 2.3) 
Electron bombardment transfers so much energy to the molecules that most of the 
cation radicals fragment after formation. They fly apart into small pieces, some of 
which retain the positive charge, and some of which are neutral. The fragments then 
flow through a curved pipe in a strong magnetic field, which deflects them by slightly 
different amounts according to their mass-to-charge ratio (m/z). Neutral fragments are 
not deflected by the magnetic field and are lost on the wall of the pipe, but positively 
charged fragments are sorted by the mass spectrometer onto a detector, which records 
them as peaks at the various m/z ratios. Since the number of charges z on each ion is 
usually 1, the value of m/z for each ion is simply its mass m. The mass spectrum of a 
compound is usually a bar graph with masses (m/z) values on the x axis and intensity 
(number of ions of a given m/z striking the detector) on the y axis. The tallest peak is 
arbitrarily assigned an intensity of 100%.  
 
2.1.3 Fourier Transform Infrared Spectroscopy (FTIR)1,2 
Infrared spectroscopy gives information on molecular structure through the frequencies 
of the normal modes of vibration of the molecules. A normal mode of vibration is one 
in which each atom executes a simple harmonic oscillation about its equilibrium 
position. All atoms move in phase with the same frequency while the center of the 
gravity of the molecule does not move. A model of the molecule can be made using 
balls to represent the atoms and springs to represent the bonds. Vibrations of the model 
involve stretching and bending the springs together with motions of the balls. 
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According to classical mechanics, the frequency of vibration ν (s-1) of two balls of 
mass (kg) connected by a spring with force constant k (N · m-1) can be calculated from 
Equation 2.4.  
ν = 1/π (k/2m)1/2  (Eq. 2.4) 
The force constant is a measure of the resistance to stretching of the spring. The force 
F needed to displace a mass m by a distance x is calculated from Equation 2.5. 
F = kx  (Eq. 2.5) 
The vibrational motions and frequencies of a structure containing several balls (atoms) 
of various masses connected by springs (bonds) with different force constants can also 
be studied using the methods of classical mechanics. There are 3N – 6 normal modes 
of vibration of a molecule, where N is the number of atoms. Each atom has three 
degrees of motional freedom, which can be thought as motions in the x, y and z 
directions. Thus, N atoms have 3N independent motions. However, when the atoms are 
connected together in a molecule, the motions are no longer independent. Three 
motions become translation of the molecule, and another three are rotations. This 
leaves 3N – 6 motions, in which inter-nuclear distances and bond angles change, but 
the center of gravity of the molecule does not move. This number is increased by one 
(to 3N – 5) if the molecule is linear. These are normal modes of vibration of the 
molecule. 
An infrared spectrum is obtained when the sample absorbs radiation in the region of 
the electromagnetic spectrum known as the infrared region (wavenumber is from 4000 
cm-1 to 400 cm-1). In infrared absorption, energy is transferred from the incident 
radiation to the molecule, and a quantum mechanical transition occurs between the two 
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vibrational energy levels, E1 and E2. The difference in energy (J) between the two 
vibrational energy levels is directly related to the frequency ν (s-1) of the 
electromagnetic radiation, as shown in Equation 2.6, in which h is Planck’s constant 
(6.624 ×10 –34 J · s). The frequency of vibration of the molecule corresponds directly 
to the infrared radiation absorbed. 
∆E = E2 –E1 = hν   (Eq. 2.6) 
The amount of energy a molecule contains is not continuously variable but is quantized. 
That is, a molecule can stretch or bend only at specific frequencies. Although we 
usually speak of bond lengths as if they were fixed, the numbers given are actually 
averages. In reality, bonds are constantly changing in length. Thus, a typical C-H bond 
with an average bond length of 110 pm is actually vibrating at a specific frequency, 
alternately stretching and contracting as if there were a spring connecting the two 
atoms. When the molecule is irradiated with electromagnetic radiation, energy is 
absorbed when the frequency of the radiation matches the frequency of the vibrational 
motion. 
For convenience, a spectrum is recorded graphically with wavenumber (cm-1), which is 
calculated in Equation 2.7, in which λ is the wavelength (cm), ν (s-1) is the frequency 
the atoms absorbed, and c is the velocity of light (3 ×1010 cm · s-1). 
 
Wavenumber (κ) = 1/λ = ν/c    (Eq. 2.7) 
 
The term Fourier Transform Infrared Spectroscopy (FTIR) refers to a fairly recent 
development in the manner in which the data is collected and converted from an 
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interference pattern to a spectrum, which is realized by Fourier transformer (Figure 
2.2). This instrument consists of two plane mirrors, M1 and M2, mounted at 90 ˚ to 
each other and a semi-reflecting beam splitter. One of the mirrors is fixed, while the 
other can be moved very precisely and reproducibly through a distance. The beam 
splitter transmits 50% of the incident radiation to one mirror and reflects 50% to the 
other. The optical path difference between the beams is known as retardation x. unless 
x = 0, the recombined beams will interfere. With these arrangements, 50% of the 
radiation returns to the source and the other 50% pass through the sample to a detector. 
When x = 0 or nλ (n is an integer), the recombined beams are exactly in phase, so the 
signal at the detector is a maximum. As mirror M2 is moved, the beams interfere and 
the signal falls to zero when x = λ/2. As mirror M2 continues to move at a constant 
velocity, the signal intensity I(x) varied according to a cosine function expressed in 
Equation 2.8.  
I(x) = 0.5 I(ν) cos 2π νx  (Eq. 2.8) 
In Equation 2.8, I(ν) is the intensity of the source at frequency ν. The factor of 0.5 
occurs in the equation because only one half of the incident radiation reaches the 
director. A graph of I(x) visus x is known as interferogram. The interferograms are 
stored digitally by the computer. 
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Figure 2.2 A schematic diagram of interferometer in Fourier transformer of Fourier 
Transform Infrared Spectroscopy (FTIR). 
 
 
2.2 General Procedures for Organic Synthesis and 
Characterization  
 
2.2.1 Chemicals  
All analytical grade organic solvents were received from Acro Chemical Corp., 
including methanol, ethanol, dichloromethane, chloroform, ethyl acetate, N,N-
dimethylformamide, pyridine, ethyl ether, etc. 






  From 
Source 
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Organic reagents received include 5-hydroxyl-isophthalic acid (98%, Aldrich), 1,6-
dibromo-hexane (99%, Aldrich), thiourea (99%, Aldrich), trifluoroacetic acid (99%, 
Aldrich), 2-aminoethanethiol hydrochloride (100%, Aldrich), triethylsilyl hydrogen 
(97%, Aldrich), ethylene diamine (98%, Aldrich), thionyl chloride (99%, Acro), 
sodium borohydride (99%, Acro), triphenylphosphane (100%, Acro), β-cyclodextrin 
(100%, Aldrich), 11-tritylsulfanyl-undecanoic acid (100%, Aldrich), 4-dimethylamino 
pyridine (99%, Aldrich), 1-(3-dimethyl amino)-3-ethylcarboiimide hydrochloride 
(100%, Aldrich), triethylene glycol monomethyl ether (98%, Aldrich). 
Inorganic reagents were purchased from Aldrich including sodium bicarbonate (98%), 
sulfuric acid (98%), magnesium sulfate (97%), sodium chloride (99%), hydrochloride 
aqueous solution (36%), sodium hydroxide (98%), cobalt chloride hexahydrate (98%), 
potassium hydroxide (99%), hydrogen peroxide aqueous solution (35%), sodium 
hydride (60% dispersion in mineral oil), calcium hydride (93%), and lithium hydride. 
All the above-listed reagents were used as received or purified by the procedures 
described in the following synthesis section. Before use, Pyridine was distilled in the 
presence of CaH2, and N, N-dimethylformamide (DMF) was dehydrated by molecular 
sieves (4 - 8 Å). Chromatography columns filled with the silica gel (particle size at 
0.200 - 0.500 mm, pore diameter at 6 nm) were used for flush purification of the 
products. 
 
2.2.2 Synthesis and Characterization  
Functional organic ligands and their intermediate compounds were synthesized as 
described in Chapter 3 and Chapter 4. Some synthesis conditions were optimized based 
on the classical organic methods.3-19 For example, when synthesizing 6-[bis-(2-cyano-
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ethyl)-amino]-hexanoic acid methylester, by using literature procedures,8,19 it was 
found that the reaction took as long as 2 days and the yield was lower than 70%. When 
the reaction was carried out under basic conditions in our work, it was found that the 
reaction finished in 2 hours and the yield was more than 90%. The amines are at salt 
states under acidic or neutral conditions, which decrease their nucleophilic abilities. 
However, the amine is free under basic conditions and the nucleophilic capacity can be 
greatly stimulated. In this thesis, 2,2-bis-(2-cyano-ethyl)-malonic acid diethyl ester 
was synthesized in a similar way, while using sodium methanol solution rather than 
liquid amine reported in literatures as the reaction medium. It is known that extremely 
low temperature (- 55 °C) is required if liquid amine is used. However, by using 
sodium methanol solution, the reaction can proceed at room temperature and high 
yields can also be achieved. This modified Michael Addition Reaction is very 
important to synthesis construct dentritic macromolecules. 
MS spectra were obtained from Finnigan/MAT 95XL-T Mass Spectroscopy. 1H NMR 
and 13C NMR spectra were obtained by means of a Bruker AV-400 NMR 
Spectrometer at room temperature, using tetramethylsilane (TMS) as internal standard. 
FTIR spectra were recorded on a Bio-Rad TFS 165 FTIR Spectrometer. FTIR samples 
were prepared by dispersing the organic compounds in KBr powder and further 
compressing them to form semitransparent disks.  
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Chapter 3 Water-Soluble Quantum Dots 
Encapsulated by Cross-Linked Polymer Shells 
 
3.1 Introduction 
Semiconductor nanocrystals (quantum dots, QDs) are of considerable current interest, 
not only because of their unique size-dependent properties but also because of their 
dimensional similarities with biological macromolecules (e.g. nucleic acids and 
proteins).1-4 These similarities could allow an integration of nanotechnology and 
biology, leading to major advances in medical diagnostics, targeted therapeutics, 
molecular biology and cell biology.5 Recent research work of several groups has linked 
the quantum dots to biological molecules such as peptides, proteins and nucleic acids.6-
11 These quantum dot-bioconjugates are being used as novel multicolor fluorescent 
labels for ultra-sensitive detection and imaging, which is described in Chapter 1. 
For biological applications, the hydrophobic trioctaphosphine oxide (TOPO) ligands 
capped on the highly luminescent CdSe/ZnS quantum dots need to be displaced by the 
hydrophilic ligands to make them soluble in water. Two major methods have been 
developed to prepare water-soluble quantum dots. Alivisatos and coworkers reported 
the use of a silica/siloxane coating for producing water-soluble CdSe/ZnS quantum 
dots.7 In this procedure, 3-(mercaptopropyl) trimethoxysilane (MPS) is directly 
adsorbed onto the surface of quantum dots and TOPO molecules are displaced. A 
silica/siloxane shell is subsequently formed on the surface by hydrolysis of the silanol 
groups in a basic solution. Further reaction with bifunctional methoxyl compounds, 
such as aminopropyl urea, renders the particles soluble in aqueous buffer. The second 
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method to prepare water-soluble quantum dots involves in the direct adsorption of 
bifunctional ligands such as mercaptoacetic acid or dithiothreitol onto the surface of 
quantum dots through the formation of sulfur-metal bonds.8 The surface-modified 
quantum dots then precipitate out of organic solution, but can be redissolved in 
aqueous solution. 
Polymerized siloxane-coated quantum dots are highly stable against flocculation, but 
only small amounts (milligram quantities) can be prepared per batch. Also, residual 
silanol groups on the surface of quantum dot often lead to precipitation or gel 
formation at neutral pH. In comparison, the direct adsorption procedure using small 
bifunctional organic ligands yields gram quantities of water-soluble quantum dots. 
However, the chemical, photochemical and thermal stability of the resultant quantum 
dots needs to be improved. This is because while exposed to oxidizers, acids or 
radiation, small organic ligands are easily desorbed from the surface of the quantum 
dots, further, the quantum dots precipitate out. Subsequently, the inorganic cores are 
liable to be destroyed, resulting in a decrease of the photoluminescence efficiency.12 
In order to obtain stable water-soluble quantum dots, we proposed the method shown 
in Figure 3.1 to encapsulate the CdSe/ZnS quantum dots into a hermetic polymer 
shell.  In this proposed method, thiol-terminated hydrophilic small ligands (Series A in 
Table 3.1) are first capped on the surface of quantum dots through ligand exchange 
with TOPO molecules.  Then the surface-attached ligands are further cross-linked with 
carboxylic acids (or amines) (Series B in Table 3.1) to form a hermetic layer of 
polymer shell. As a consequence, the resultant polymer-shelled CdSe/ZnS quantum 
dots have been proven to have stable photoluminescence (PL) and high quantum yields 
(QYs) while exposed to oxidizers, acids or radiation, because the destructive molecules 
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can be completely block off from the quantum dots by the hermetic polymer shell 

































































Figure 3.1 Schematic demonstration for stabilizing CdSe/ZnS quantum dots in water: 
A. As-prepared quantum dots that are stabilized by the hydrophobic TOPO ligands in 
organic solvent. B. Water-soluble quantum dots that are obtained through ligand 
exchange of TOPO molecules with small hydrophilic functional organic molecules. C. 
Polymer-shelled quantum dots that are stabilized by cross-linking surface-attached 
hydrophilic organic ligands.  
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Table 3.1 Designed ligands for surface-coating on quantum dots: Series A compounds 
are attached to the quantum dots surface first, and then, Series B compounds cross-link 
these inner ligands (B1 links to A1 or A2, and B2 links to A3) to form the polymer 
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3.2 Experimental 
3.2.1 Synthesis and Characterization of Functional Small Organic 
Ligands for Preparation of Polymer-Shelled Quantum Dots 
Five functional ligands (described in Table 3.1) used for the preparation of polymer-
shelled quantum dots were obtained through the synthesis of fifteen intermediate 
compounds by the following routes (Scheme 3.1– 3.5): 
  
Scheme 3.1 The synthetic route to 3-[(2-carboxy-ethyl)-(2-mercapto-ethyl)-amino]-

























2-Tritysulfanyl-ethylamine hydrochloride (2)13 
2-Aminoethanethiol hydrochloride (4.54 g, 40 mmol) was added to 60 mL TFA 
(trifluoroacetic acid) until the solution became clear. Then triphenylmethanol (10.4 g, 
40 mmol) was added at room temperature. The solution changed to dark orange color. 
The reaction was continued at room temperature for another 30 minutes. By rotary 
evaporation, the solvent was removed. The oil residual was rinsed with ether. White 
     6 (A1)                                                5                                               4                       
1 2 3
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solid was formed and then filtered. The obtained solid was dried and weighed (15.6 g). 
Yield: 90%. 1H NMR (CDCl3, ppm) δ: 7.47 (d, 6H), 7.35 (d, 6H), 7.27 (d, 3H), 2.66 (t, 
2H,), 2.35 (t, 2H), 1.7 (b, 2H).  FTIR (KBr, cm-1): 3453, 3420, 3016, 1681, 1492, 1442, 
1190, 1143, 675.  
2-Tritylsulfanyl-ethylamine (3) 
2-Tritysulfanyl-ethylamine hydrochloride (15.6 g, 36 mmol) was added to 150 mL 
ethyl acetate to form the two-phase mixture. Then 100 mL of 1 M NaOH was added 
under stirring, and the solid was dissolved into the solvent. When there was no solid 
left, the solution was transferred to a separate funnel and the organic layer was 
separated out, and then dried over MgSO4. The organic solvent was removed under 
vacuum. White solid was obtained and weighed as 10.5 g. Yield: 91.4%. 1H NMR 
(CDCl3, ppm) δ: 7.48 (d, 6H), 7.35 (d, 6H), 7.26 (d, 3H), 2.60 (b, 2H), 2.32 (t, 2H), 
1.10 (b, 2H).  
3-[(2-Methoxycarbonyl-ethyl)-(2-tritysulfanyl-ethyl)-amino]-propionic acid methyl 
ester (4)14 
2-Tritylsulfanyl-ethylamine (8) (0.96 g, 3 mmol) was dissolved into 20 mL methanol 
under N2 protection. Methyl acrylate (9 mL, 100 mmol) was added via syringe at room 
temperature. Then the reaction was continued at room temperature overnight. The 
solvent and excess methyl acrylate was removed by evaporation under reduced 
pressure and the residue was dissolved into ethyl acetate and washed with water. The 
3-[(2-methoxycarbonyl-ethyl)-(2-tritylsulfanyl-ethyl)-amino] propionic acid methyl 
ester was obtained as colorless oil after column chromatography. Yield: 40%.  1H 
NMR (CD3Cl, ppm) δ: 7.48 (d, 6H), 7.35 (d, 6H), 7.26 (d, 3H), 2.60 (b, 2H), 2.32 (t, 
2H), 1.10 (b, 2H).  
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3-[(2-Methoxycarbonyl-ethyl)-(2-tritysulfanyl-ethyl)-amino]-propionic acid (5) 
3-[(2-Methoxycarbonyl-ethyl)-(2-tritysulfanyl-ethyl)-amino]-propionic acid methyl 
ester (1 mL) was dissolved into 15 mL methanol, then 15 mL of 1 M NaOH solution 
was added, and the mixture was heated to 80 °C overnight. All products were 
dissolved after addition of NaOH solution, and formed a yellow solution. The solution 
was neutralized by HCl and lots of sticky precipitate was formed.  The mixture was 
extracted with dichloromethane, the organic layers were combined, washed with water, 
dried over MgSO4, and the solvent was removed under vacuum. The residue was then 
rinsed with ethyl ether, filtered, and dried to obtain the sticky products. 1H NMR 
(CDCl3, ppm) δ: 11.0 (s, 2H), 7.14 (d, 6H), 7.07 (m, 9H), 2.73 (t, 2H), 2.63 (t, 4H), 
2.54 (t, 2H), 2.33 (t, 4H). 
3-[(2-Carboxy-ethyl)-(2-mercapto-ethyl)-amino]-propionic acid (6, A1)15 
3-[(2-Methoxycarbonyl-ethyl)-(2-tritysulfanyl-ethyl)-amino]-propionic acid (0.5 g, 1 
mmol) was added to a tube with introduction of 3 mL trifloroacetic acid, and a clear 
orange solution formed. When 1 mL triethylsilane was added, lots of white precipitate 
formed and the mixture changed to milky forms. The reactants were incubated at room 
temperature overnight and then filtered to remove the solid. trifloroacetic acid was 
removed from the filtrate under low pressure and the residue was dissolved into 10mL 
of 1 M NaOH. The aqueous layer was washed with dichloromethane three times and 
then acidified to pH = 1 ~ 2, and extracted with dichloromethane twice.  The organic 
layers were combined and washed with brine twice. The organic solvent was removed 
under low pressure. The residue was dried over MgSO4 and then used directly without 
further purification. 1H NMR (CDCl3, ppm) δ: 11.0 (s, 2H), 2.66 (m, 8H), 2.33(t, 4H), 
1.52 (s, 1H). 
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5-Hydroxyl-isophthalic acid dimethyl ester (8)16 
5-Hydroxyl-isophthalic acid (18.2 g, 0.1 mol) was added to 150 mL dry methanol in 
the round bottom flask and 3 mL of 98% sulfuric acid was dropped into the flask. The 
solution was refluxed under the protection of N2 overnight. After stopping the reaction, 
half of the solvent was removed by rotary evaporation. Saturated NaHCO3 was added 
to the solution until pH=7 ~ 8, 100 mL ethyl acetate was added, the organic layer was 
washed with water and was dried by MgSO4 powder. The raw product was purified by 
column chromatography to get 18.6 g ester. Yield: 88.6%. 1H NMR (CDCl3, ppm) δ: 
8.24 (s, 1H), 7.65 (s, 2H), 5.0 (s, 1H), 3.88 (s, 6H). 
5-(6-Bromo-hexyloxy)-isophthalic acid dimethyl ester (9)17 
To a flask, 5-hydroxyl-isophtalic acid dimethylester (10 g, 45 mmol) and K2CO3 (8 g) 
in 250 mL N, N-dimethylformamide were added, and then 1, 6-dibromo-hexane (16.4 
7                                                  8                                               9 
    11 (A2)                                                                                        10 
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g, 16 mL) was added. The solution was stirred at 60~70 °C for 2 days. The reaction 
was stopped and the mixture was poured into the water to form a milky solution and 
extracted with hexane. The mixture was found difficult to separate into two layers. 
Then brine was added and a clear layer formed. The organic layer was separated, 
combined and dried over MgSO4. The solvent was removed and colorless oil was 
obtained. The mixture was purified through column chromatography to get 12.3 g 
product. Yield: 73%. 1H NMR (CDCl3, ppm) δ: 8.24 (s, 1H), 7.69 (s, 2H), 3,95 (t, 2H), 
3.88 (s, 6H), 3.30 (t, 2H), 1.79 (m, 2H), 1,71 (m, 2H), 1.29 (m, 4H). 
5-(6-Mercapto-hexyloxy)-isophthalic acid dimethyl ester (10)18 
5-(6-Bromo-hexyloxy)-isophthalic acid dimethyl ester (3.74 g, 10 mmol), thiourea (1.6 
g, 10 mmol) and 50 mL ethanol were refluxed for overnight under the protection of 
nitrogen. The reaction was stopped and a lot of precipitate was formed. The mixture 
was cooled to room temperature and the solid was separated. The obtained solid was 
washed with cold ethanol and centrifuged. The obtained solid was dissolved in water 
to form clear solution. 2 N HCl was added to adjust the pH to 2 ~ 3, and a lot of white 
precipitate formed. The precipitate was extracted from dichloromethane. The organic 
layer was dried over MgSO4. After evaporating the solvent, 1.2 g product was 
obtained. Yield: 40%. 1H NMR (CDCl3, ppm) δ: 8.24 (s, 1H), 7.69 (s, 2H), 3,92 (t, 
2H), 3.88 (s, 6H), 2.56 (t, 2H), 1.71 (m, 2H), 1.59 (m, 2H), 1.48 (s, 1H), 1.29 (m, 4H). 
5-(6-Mercapto-hexyloxy)-isophthalic acid (11, A2)19 
5-(6-Mercapto-hexyloxy)-isophthalic acid dimethyl ester (4) (0.65 g, 2 mmol) was 
dissolved in methanol and 2 mL trifloroacetic acid was added under N2. The solution 
was refluxed overnight. The solvent and trifloroacetic acid were removed by 
evaporation. 5.79 g white solid was obtained. Yield: 97%. 1H NMR (CDCl3, ppm) δ: 
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11.0 (s, 2H), 8.56 (s, 1H), 7.99 (s, 2H), 3,94 (t, 2H), 3.88(s, 6H), 2.56 (t, 2H), 1.71 (m, 
2H), 1.59 (m, 2H), 1.48 (s, 1H), 1.29 (m, 4H).  FTIR (KBr, cm-1): 2297(S-H stretch). 
EI-MS m/z: 298 (base peak) for [M]+. 
 
Scheme 3.3 The synthetic route to N-(2-amino-ethyl)-3-{[2-(2-amino-ethylcarbamoyl-

























Ethylene diamine (12 g, 0.2 mol) was dissolved in 5 mL methanol. To this solution, 
50% 3-[(2-methoxycarbonyl-ethyl)-(2-tritysulfanyl-ethyl)-amino]-propionic acid 
methyl ester (1 g, 2 mmol) in methanol was added at 5 °C, and stirred at room 
temperature for 20 hours. After purification through column chromatography, the 
colorless liquid (0.86 g) was obtained. Yield: 78.6%. 1H NMR (CDCl3, ppm) δ: 7.14 
        9                                                                                       12 
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(s, 6H), 7.06 (m, 12H), 3.46 (b, 4H), 2.91 (b, 4H), 2.62 (m, 8H), 2.28 (t, 4H). ESI-MS 
m/z: 548.2 (base peak) for [M+H]+. 
N-(2-amino-ethyl)-3-{[2-(2-amino-ethylcarbamoyl-ethyl]-(2-mercapto-ethyl)-amino}-
propionamide (13, A3) 
N-(2-amino-ethyl)-3-[[2-(2-amino-ethylcarbamoyl-ethyl]-(2-tritylsulfanylmercapto-
ethyl)-amino]-propionamide (0.58 g, 1 mmol) was dissolved in the methanol and 1 mL 
TFA was added under nitrogen protection. The solution was refluxed overnight. The 
solvent and TFA was removed by evaporation. 0.16 g of colorless liquid was obtained. 
Yield: 52%. 1H NMR (CDCl3, ppm) δ: 3.46(b, 4H), 2.91(b, 4H), 2.62 (m, 8H), 2.28 (t, 
4H), 1.50 (s, 1H). ESI-MS (m/z): 306.1 for [M+H]+. FTIR (KBr, cm-1): 2290 (S-H 
stretch), 3346 (d, H-N-H stretch). 
 
Scheme 3.4 The synthetic route to 6-[bis-3-(amino-propyl)-amino]-hexanoic acid 
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6-Amino-hexanoic acid methyl ester (15)13 
To 50 mL methanol at 0 °C, thionyl chloride (8 mL, 105 mmol) was added. To the 
solution was added 6-aminocapronic acid (6.5 g, 50 mmol), and stirred at room 
temperature for 3.5 hours. The volatile was removed, and the residue was 
recrystallized from hexane/ ethyl acetate/ methanol to give ester as a white solid (6.7 
g). Yield: 92%. 1H NMR (CDCl3, ppm) δ: 3.67 (s, 3H), 2.65 (b, 2H), 2.25 (t, 2H), 1.68 
(m, 2H), 1.55 (m, 2H), 1.29 (m, 2H). 
6-[Bis-(2-cyano-ethyl)-amino]-hexanoic acid methylester (16)18 
6-Amino-hexanoic acid methyl ester (1.45 g, 10 mmol) was dissolved in methanol (5 
mL). Then 0.3 g sodium was added. After all sodium was dissolved, acryl nitrile 5 mL 
was added and stirred at room temperature overnight. The solvent and the excess acryl 
nitrile were removed by evaporation. Water (100 mL) was then added and the mixture 
was extracted with ethyl acetate, dried over MgSO4, and purified through column 
chromatography.  Yellow oil (1.5 g) was obtained. Yield: 60%.  1H NMR (CDCl3, 
ppm) δ: 3.67 (s, 3H), 2.73 (t, 2H), 2.51 (t, 2H), 2,36 (t, 2H), 2.25 (t, 2H), 1.68 (m, 2H), 
1.39 (m, 2H), 1.29 (m, 2H).  
6-[Bis-3-(amino-propyl)-amino]-hexanoic acid methyl ester (17, B1) 
6-[Bis-(2-cyano-ethyl)-amino]-hexanoic acid methylester (1.2 g, 5 mmol) was 
dissolved in methanol 50 mL and CoCl2 (4.76 g, 25 mmol) were added. Sodium 
borohydride (7.6 g, 20 mmol) was added in small portions. When the sodium 
borohydride was added, the violent gas evolution was found. The resultant mixture 
was stirred at room temperature for 3 hours, and then acidified with concentrated HCl 
till the color changed to dark blue. The solvent was removed under vacuum and the 
residue was rinsed with 50 mL of 25% ammonia solution and 15 mL chloroform to get 
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the colorless oil (0.14g). Yield: 11%. 1H NMR (CDCl3, ppm) δ: 3.67 (s, 3H), 2.73 (t, 
2H), 2,36 (t, 2H), 2.25 (t, 2H), 1.68 (m, 6H), 1.39 (m, 2H), 1.29 (m, 2H). EI-MS (m/z): 
259.2 (base peak) for [M]+. FTIR (KBr, cm-1): 3326, 3347 (N-H stretch). 
 

















2,2-Bis-(2-cyano-ethyl)-malonic acid diethyl ester (19)21 
In a flask, 0.3 g sodium was added to 50 mL ethyl alcohol. Malonic acid diethyl ester 
(1.6 g, 10 mmol) and 10 mL acryl nitrile were then added. After reacting at room 
temperature for 24 hours, the solvent and acryl nitrile were removed by evaporation. 3 
N HCl was added to adjust the pH to 6~7, and then extracted from the ethyl acetate. 
Colorless liquid (2.1 g) was obtained. Yield: 78%. 1H NMR (CDCl3, ppm) δ: 4.12 (m, 
4H), 3.67 (t, 4H), 2.41 (t, 4H), 1.3 (s, 6H). ESI-MS (m/z): 267.2 for [M+H]+.  FTIR 
(KBr, cm-1): 2877 (C-N stretch). 
4,4-Bis-ethoxycarbonyl-heptanedioic acid (20, B2)22 
2,2-Bis-(2-cyano-ethyl)-malonic acid diethyl ester (1.33 g, 5 mmol) was added to 40 
ml ethanol and 12 ml water. Then 4.5 g KOH was added. 12 g H2O2 was dropped 
slowly at 20 °C. The mixture was stirred at room temperature for 1 hour and then 
refluxed overnight. The solvent was evaporated and the mixture was acidified by 
concentrated HCl to pH = 1. Then the product was extracted from ether to get colorless 
liquid (0.7 g). Yield: 43%. 1H NMR (CDCl3, ppm) δ: 4.12 (m, 4H), 3.67 (t, 4H), 2.41 
    18                                                     19                                                   20 (B2) 
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(t, 4H), 1.30 (s, 6H). ESI-MS (m/z): 303.2 for [M+H]+. FTIR (KBr, cm-1): 3300-3500 
(b, -COOH). 
 
3.2.2 Preparation of Water-Soluble Quantum Dots Encapsulated by 
Cross-Linked Polymer Shells 
3.2.2.1 Preparation of TOPO-Capped CdSe/ZnS Quantum Dots 
Chemicals for synthesis of TOPO-capped CdSe/ZnS QDs purchased from Aldrich 
include trioctylphosphine oxide (TOPO, 90%), trioctylphosphine (TOP, 95%), 
hexamethyldisilathiane ((TMS)2S), diethylzinc (ZnEt2), HPLC grade n-hexane, 
methanol, pyridine, and 1-butanol. 1 M solution of trioctylphosphine selenide was 
prepared by dissolving 0.1 mol Se shots in 100 mL TOP.  
TOPO-capped CdSe/ZnS quantum dots were prepared and purified according to the 
published procedures.23 A flask containing 5 g TOPO was heated to 190 °C under 
vacuum for several hours and then cooled to 60 °C, after which 0.5 mL of 
trioctylphosphine (TOP) was added. Roughly 0.1 ~ 0.4 µmol CdSe dots dispersed in 
hexane were transferred into the reaction vessel via syringe, and the solvent was 
pumped off. Diethylzinc (ZnEt2) and hexamethyldisilathiane ((TMS)2S) were used as 
the Zn and S precursors. Equimolar amounts of the precursors were dissolved in 2 - 4 
mL of TOP inside an inert atmosphere glove box. The precursor solution was loaded 
into a syringe and transferred to an addition funnel attached to the reaction flask. The 
reaction flask containing CdSe dots dispersed in TOPO and TOP was heated under an 
atmosphere of nitrogen. The temperature at which the precursors were added ranged 
from 140 °C for 23 Å diameter dots to 220 °C for 55 Å diameter dots. When the 
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desired temperature was reached, the Zn and S precursors were added dropwisely to 
the vigorously stirring reaction mixture over a period of 5 ~ 10 minutes. After the 
addition was complete, the mixture was cooled to 90 °C, at which temperature further 
stirring was carried out for 5 hours. 5 mL aliquot of butanol was added to the mixture 
to prevent the TOPO from solidifying upon cooling to room temperature. The 
overcoated particles were stored in their growth solution to ensure that the surface of 
the dots remained passivated with TOPO. They were later recovered in powder form 
by precipitating with methanol and re-dispersed into a variety of solvents including 
hexane, chloroform, toluene and pyridine. 
 
3.2.2.2 Preparation of Water-Soluble Quantum Dots by Ligand Exchange  
The surface replacement of the original TOPO ligands with thiol-terminated capping 
ligands was achieved by following the two-phase approach: 24 150 mg thiol-terminated 
ligands was dissolved in 15 mL 1:1 ratio MeOH/CHCl3 solution, and the pH value of 
such solution was set to 8 by addition of tetramethylammonium hydroxide. To this 
basic dendron ligand solution, was added 20 mg TOPO-capped quantum dots. After 
the reaction mixture was stirred for overnight, 2 mL water and 2 mL MeOH were 
added in order. Two phases formed eventually with slight shaking. The upper layer 
with quantum dots dissolved in it was then transferred to another vial and kept 
overnight. The surface coated quantum dots were precipitated out with ethyl ether and 
acetone, separated by centrifugation and decantation. The dissolution and precipitation 
was repeated three times to remove the free ligands. The final product was dried under 
nitrogen and the resulting powder was dissolved in anhydrous dichloromethane for 
cross-linking.  
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3.2.2.3 Formation of Polymer-Shelled Quantum Dots by Cross-Linking of 
Surface-Attached Organic Ligands 
Homobifunctional cross-linker, dicyclohexylcarbodiimide (DCC) (8 mg) and 4-
dimethylaminopyridine (DMAP) (6 mg) were added to a 15 mL solution of quantum 
dots whose surface was coated by Series A compounds in dry dichloromethane. After 
the solution was stirred overnight, 2 mL of such solution was added dropwisely into 15 
mL dichloromethane containing 8 mg Series B compounds. The resulting precipitates 
were isolated by centrifugation and washed with water three times, and then the final 
products were dissolved in NaOH solution (pH = 10) for hydrolysis. 
 
3.3 Results and Discussion 
The key to develop quantum dots as fluorescent labels is to achieve water-
solubility/stability and to provide surface functionality, which allow efficient coupling 
of quantum dots to biomolecules for biological applications. Traditionally, polymers 
can be physically adsorbed on the surface of quantum dots to render them water-
soluble.12 However, without involving covalent bonding at the interface between the 
polymer layer and the quantum dot, it is hard to ensure hermetic encapsulation of 
quantum dot. In this thesis, we have designed and prepared stable water-soluble 
quantum dots by encapsulating the quantum dots in a layer of covalently surface-
attached polymer shell with the inner coating layer reagents and outer coating layer 
reagents shown in Table 3.1. These polymer-shelled quantum dots displayed greatly 
improved chemical, photochemical and thermal stability in aqueous solutions. One 
example of these successful preparations of polymer-shelled quantum dots is shown in 
Figure 3.2. The CdSe/ZnS quantum dot was first capped with 3-[(2-carboxy-ethyl)-(2-
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mercapto-ethyl)-amino]-propionic acid (A1 in Table 3.1) through the formation of 
sulfur-metal bonds. After the carboxylic acid was activated by 
dicylohexylcarbodiimide (DCC), the polymerization was carried out at the surface of 
quantum dots by cross-linking the surface-capped ligands with 6-[bis-3-(amino-
propyl)-amino]-hexanoic acid methyl ester (B1 in Table 3.1). The formed polymer-
shelled quantum dots were soluble in organic solvent such as dichloromethane and N, 
N-dimethyl formamide (DMF) before hydrolysis. After polymer-shelled quantum dots 
were treated with sodium hydroxide (NaOH) at room temperature, the polymer-shelled 
quantum dots were easily transferred into aqueous phase. For comparison, the 
literature reported water-soluble quantum dots were also prepared. They are the 
mercaptoacetic acid (MCA)- and amino-ethanethiol (AET)-capped CdSe/ZnS quantum 
dots.  
In the following sections, the stability of the example of polymer-shelled quantum dots 
with the literature reported MCA- and AET-capped quantum dots was compared. The 
mechanism concerning the stability of water-soluble quantum dots was also studied. 
From these studies, then we have further proposed a general methodology to prepare 
stable water-soluble quantum dots which are hermetically protected by a layer of 
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Figure 3.2 An example for the formation of polymer-shelled CdSe/ZnS quantum dots. 
The CdSe/ZnS quantum dot was first capped by 3-[(2-carboxy-ethyl)-(2-mercapto-
ethyl)-amino]-propionic acid. The carboxylic groups were then activated by DCC, 
followed by the cross-linking with 6-[bis-3-(amino-propyl)-amino]-hexanoic acid 
methyl ester at the surface of quantum dots. The polymer-shelled quantum dots were 
easily transferred into aqueous phase after treated with NaOH solution. 
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3.3.1 Chemical Stability of Polymer-Shelled Quantum Dots  
The obtained water-soluble quantum dots were added into basic, acidic and oxidizing 
solutions for testing their chemical stability. Their corresponding fluorescent spectra 
were recorded at certain interval times. 
Under basic condition (pH > 7), there was no obvious fluorescence intensity change 
for all the MCA-/AET-capped and polymer-shelled quantum dots. After adding HCl to 
adjust QD solution to acidic conditions (pH = 5, 3, and 1), as shown in Figure 3.3, 
there was no abrupt change in fluorescence intensity for the polymer-shelled quantum 
dots.  However, the MCA- and AET-capped QDs started to lose their fluorescence 
immediately put them into these acidic conditions. Under strong acid condition (pH = 
1), MCA- and AET-capped QDs lost their fluorescence in a few tens of seconds, while 
after 3 hours, the polymer-shelled quantum dots only lost 50% fluorescence.  
The polymer-shelled quantum dots were also very stable against chemical oxidation in 
H2O2 aqueous solutions.  Figure 3.4 illustrates the fluorescence intensities of these 
QDs in the 0.15 M H2O2 solutions. For MCA- and AET-capped QDs, oxidation of the 
cores was detected immediately and the precipitation of the quantum dots occurred 
within 30 minutes. However, the oxidation of the polymer-shelled QDs was observed 
slowly, and the precipitation of the QDs occurred after ~ 4 hours oxidation. This could 
be related to the hydrolysis of the polymer chains and thus the destruction of the 
polymer shells.  
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Figure 3.3 Effect of pH on the photoluminescence of the polymer-shelled water-
soluble CdSe/ZnS quantum dots. 
 
 
       































Figure 3.4 H2O2 etching effect on the fluorescence intensity of water-soluble 
CdSe/ZnS quantum dots. 
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The mechanism for the chemical instability of CdSe quantum dots coated by small 
thiol molecules is very useful for us to further improve their stability.25,26  The 
precipitation of quantum dots can be caused by the chemical etching process in air or 
acid solution, or the hydrolysis of the chemical bonds.  
The diffusion of foreign species from the bulk aqueous solution to the interface 
between a core and its ligand shell is the controlling step of the precipitation process, 
and it should be possible to fit this initiation stage to Fick’s first law of diffusion. 
Fick’s first law of diffusion is given by Equation 3.1, 
JA = - DA (d[A]/dx)  (Eq. 3.1) 
where JA is the rate of passage of species A per unit area. DA is the diffusion 
coefficient of A, and d[A]/dx is the concentration gradient of A. The negative sign in 
the law implies that a substance will diffuse in the direction that eliminates the 
concentration gradient. It is reasonable to assume that the same amount of foreign 
destructive molecules is required to oxidize the thiol ligands with different chain 
lengths if the size of the cores is the same. The concentration of foreign destructive 
species at the interface between a core and its ligands in the bulk aqueous solution and 
the diffusion coefficient of foreign destructive species through the ligand shell are 
important factors for oxidizing quantum dots. This study can explain the chemical 
stability of polymer-shelled quantum dots because the hermetic polymer shell blocks 
off the foreign destructive from the quantum dots, which stop the key step of the 
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3.3.2 Photochemical Stability of Polymer-Shelled Quantum Dots 
The photochemical stability of polymer-shelled QDs prepared in this study was 
significantly improved in comparison to the AET- and MCA-capped QDs. The 
fluorescence intensity was recorded at certain interval time as the water-soluble QDs 
were exposed to photooxidation conditions. Figure 3.5 illustrates the experimental 
results for the polymer-shelled, AET-, and MCA-capped QDs while exposed to UV 
light under the identical photooxidation conditions. Under 254 nm UV light, 
fluorescence intensities of both MCA- and AET-capped QDs were found to change 
abruptly due to the surface photooxidation, and these QDs precipitated out in 2 days. 
For the polymer-shelled quantum dots, the fluorescence intensity was very stable, and 
QDs began to precipitate after 4 days.  
Under UV light, the precipitation of the quantum dots is caused by the photooxidation 
of the thiol ligands and the photooxidation of the inorganic cores.25,26 Apparently, the 
photooxidation of the surface thiols occurs before the photooxidation of the CdSe 
nanocrystals themselves. CdSe cores act as photochemical catalysts for the oxidation 
of the surface ligands, and the surface ligands act as the photooxidation scavengers for 
the cores. The results for small thiol ligands coated CdSe quantum dots indicate that 
the photooxidation of the surface ligands occur immediately after the solution is placed 
to the photooxidation chamber. As a result, the thiol ligands become disulfides. The 
solubility of disulfides decreases as the length of the hydrocarbon chain increases. 
Since they are insoluble in the solution, the disulfides likely form a micelle-like 
structure around each particle and keep the quantum dots soluble at the early stage of 
the photooxidation of the CdSe cores themselves. Gradually, the quantum dots become 
severely oxidized and the inorganic cores become smaller because of the oxidation 
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product diffusing out of the micelle-like structures. At a critical point, the small 
inorganic core cannot support the micelle-like structure any longer, and the whole 
system collapses to form precipitates. Apparently, the size distribution of the quantum 
dots become less uniform as the photooxidation develops, which indicates that smaller 
quantum dots are oxidized more rapidly than the larger ones. This may be considered 
as evidence that the oxidation products diffuse out of the ligand shell, instead of 
staying inside the shell and surrounding the remaining CdSe core.  
 
      



































Figure 3.5 Photo-oxidation of water-soluble CdSe/ZnS quantum dots under UV light 
(254 nm) in air. 
 
Similarly to the procedure of chemical etching process, in photooxidation procedure, 
the diffusion of oxygen species from the bulk aqueous solution to the interface 
between a core and its ligand shell is the controlling step, and also fits the Fick’s law of 
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diffusion.25 Thus, it is reasonable that the polymer-shelled quantum dots exhibited 
greatly improved photochemical stability compared with the small organic ligand 
coated ones. 
 
3.3.3 Thermal Stability of Polymer-Shelled Quantum Dots 
The thermal stability of polymer-shelled quantum dots was further examined at 
elevated temperature. The fluorescence spectra were recorded every hour. At 80 °C, it 
was observed that there were no obvious changes of the fluorescence intensity for ~ 2 
days. The exceptional thermal stability of the polymer-shelled QDs warrants their 
possible biomedical applications at elevated temperatures (such as in polymerization 
chain reaction conditions).  
Although the overall mechanisms of the thermal stability of polymer-shelled quantum 
dots are too complex to study, by borrowing the study of their chemical and 
photochemical stability, it can be deduced that maybe the thick and hermetic polymer 
shell can effectively block the heat off the inorganic core, thus, greatly slowing down 
the destructive process in complex aqueous solution.  
 
3.3.4 A General Methodology for the Preparation of Polymer-Shelled 
Quantum Dots for Biological Applications   
Based on the study described above, we have successfully prepared the polymer-
shelled quantum dots with bifunctional organic ligands provided in Table 3.1 for 
achieving water-solubility/stability and surface functionality. Here, I will further 
extend to develop a general methodology for preparing polymer-shelled quantum dots 
for biological applications. The thiol-terminated small organic ligands with hydrophilic 
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terminal groups are first used to cap on the surface of quantum dots through the ligand 
exchange with the TOPO molecules, which forms the inner coating layer of the 
polymer shell. This step is followed by cross-linking the inner coating layer reagent 
with an outer coating layer reagent in the presence of a cross-linking reagent. A cross-
linking interface is formed between the inner and outer layers of coating ligands 
(Figure 3.1 C).  In the example shown in Figure 3.2, 3-[(2-carboxy-ethyl)-(2-
mercapto-ethyl)-amino]-propionic acid (A1 in Table 3.1) molecules are the inner 
coating layer reagents capping on the surface of quantum dots; 6-[bis-3-(amino-
propyl)-amino]-hexanoic acid methyl ester (B1 in Table 3.1) are the outer coating 
layer reagents which cross-link with the inner layer reagents. The amide bonds formed 
by the DCC activated cross-linking reactions between the two layers form the cross-
linking interface. With this general method we can develop various functional polymer 
shells for coating on surface of the quantum dots to make them ready for biological 
applications.  
 
3.3.4.1 Reagent for Inner Coating Layer 
The molecular structure of the inner coating layer reagent is generalized as the 
structure shown in Figure 3.6. 
HS X
 
Figure 3.6 Molecular structure of the reagent for inner layer coating: In this formula, 
the curves are alkyl chains or aromatic moieties, which form the hydrophobic regions, 
X represents carbon, nitrogen or oxygen atom, while the circles represent the 
hydrophilic functional groups. 
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For the inner layer, all types of small molecules or macromolecules having binding 
affinity to surface of quantum dots can be used as capping reagents. Firstly, the organic 
capping molecules are organic molecules, preferably having one terminal moiety that 
can bond to or be immobilized on the surface of quantum dots. That is to say, the 
capping reagent should comprise one affinity group for the surface of the quantum dot 
via hydrophobic, electrostatic or covalent interaction. The frequently used affinity 
groups include amines, thiols, amine-oxides and phosphines,5-8 while thiols are the 
most frequently utilized ligands to coat on the quantum dots for biological 
applications.25 Secondly, the inner layer coating reagent should also comprise at least 
two coupling moieties spaced apart from the affinity group by a hydrophobic region. 
Each coupling moiety may have any suitable functional group that can react with a 
complementary coupling moiety on the outer layer coating reagent. Coupling moieties 
may be selected from the group consisting of hydroxyl, amino, carboxyl, carbonyl or 
cyano groups which are easily activated for the coupling reaction. Thirdly, between the 
affinity group and the coupling groups, there is a hydrophobic region.   
From our experiment, it is observed that the hydrophobic region in the capping reagent 
is capable of shielding the quantum dots from charged species present in an aqueous 
environment, thereby minimizing premature quenching of intermediate quantum dots 
during synthesis. Thus, the presence of the hydrophobic region in the capping reagent 
is believed to be helpful in improving the final quantum yield of the quantum dots. The 
hydrophobic moieties suitable for this purpose include hydrocarbon moieties, 
including all aliphatic straight-chained, or aromatic hydrocarbon moieties. When the 
hydrophobic moieties including an aliphatic straight-chain were used, we observed 
that, the longer of the alkyl chain, the more stable of the quantum dots. This may result 
from the stronger hydrophobic interactions between longer alkyl chains.27   However, 
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in our experiment, we also observed that the ligand exchange is more difficult to 
complete if the inner layer coating reagent with longer alkyl chain is used. With this 
preliminary study, the inner layer coating reagent with 3 to 6 carbon atoms in straight 
alkyl chain is chosen in this work. Alternatively, we can use the aromatic hydrocarbon 
moieties as the hydrophobic region. 
 
3.3.4.2 Reagent for Outer Coating Layer  
The outer layer coating reagent that couples with the inner layer has the formula shown 




Figure 3.7 Molecular structure of the reagent for outer layer coating: In this formula, 
the curves are alkyl chains or aromatic moieties, which form the hydrophobic regions, 
X represents carbon, nitrogen or oxygen atom, while the circles represent the 
hydrophilic functional groups.  
 
For the out layer coating reagent, on one end, it should have two functional groups 
which can be cross-linked with the inner layer coating reagent through the coupling 
reaction. Suitable functional groups include amino groups, hydroxyl groups and 
carboxylic groups. On the other end, the outer layer coating reagent contains a 
solubility adjustment region, which comprises a hydrophilic functional group to impart 
the hydrophilic nature to the quantum dots, allowing the quantum dots to be soluble in 
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aqueous solution. Accordingly, it can be selected from polar groups such as hydroxyl 
groups, carboxyl groups, carbonyl groups and sulfonate groups. At the same time, 
these surface exposed functional groups serve as linker groups for bioconjugation. In 
addition, hydrophobic region between the two ends is also required to stabilize the 
quantum dots. Similar to that in the inner capping reagent, for this region, I preferred 
contain a straight alkyl chain with 3 to 6 carbon atoms or an aromatic ring.  
 
3.3.4.3 Formation of the Cross-linking Layer 
The outer layer coating reagents of polymer shell will be cross-linked with the inner 
layer reagents through the cross-linking reagent. In principle, every known cross-
linking agent can be used to activate groups in the two molecules that are available for 
covalent bond formation, as long as the cross-linking reagent is chemically compatible 
with the compounds used for forming the inner and outer coating layer. The cross-
linking reagents used in this work include 1-ethyl-3-[3-dimethylaminopropyl] 
carbondiimide (EDC), sufon-N-hydroxylsuccinide (NHS), and N, N-dicyclohexyl 
carbodiimide (DCC).  
 
3.3.4.4 Conjugation between Polymer-Shelled Quantum Dots and Biomolecules 
For bioapplications, these polymer-shelled quantum dots are to be conjugated to 
biomolecules (also called analyte binding partners) which have binding affinity for a 
given analytes to form marker compounds or probes. In such a probe, the quantum dot 
serves as a label or tag which emits radiation, for example, in the visible or near 
infrared range of the electromagnetic spectrum, that can be used for the detection of 
given analytes. The polymer-shelled quantum dots can be conjugated to the 
biomolecules via surface exposed functional groups at the outer layer of the polymer 
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shell with the linker groups on the biomolecules. For example, if the coating reagent 
comprises the biocompatible cyclodextrin (CD) moieties, then the size suitable linking 
reagents that can be used include ferrocene derivatives, adamantane compounds and 
aromatic compounds, all of which have a suitable reactive group for forming a 
covalent bond with the biomolecule of interest. Accordingly, I further prepared 
biocompatible quantum dots coated by cyclodextrin derivatives, which is described in 
Chapter 4. 
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Chapter 4 Biocompatible Quantum Dots Coated 
by Cyclodextrin Derivatives 
 
4.1 Introduction 
Cyclodextrins (CDs) are readily water-soluble cyclic oligosaccharides, typically 
comprising of six, seven, or eight (α-, β-, γ-CD, respectively) 1,4-linked D-
glucopyranosyl units (Figure 4.1A).1,2 CDs can form a large hydrophobic 
intramolecular cavity with a cylindrical shape, in which the primary hydroxyl groups 
form the smaller opening and the secondary hydroxyl groups form the larger opening 
of the cylindrical cavity (Figure 4.1B). CDs have a large This hydrophobic 
intramolecular cavity provides CDs with an important ability to form inclusion 
complexes with a variety of organic molecules.3,4 The formed inclusion complexes are 
called host-guest complexes.  The formation of host-guest complexes in aqueous 
solution is shown in Figure 4.2. Due to their hydrophilic exterior surface, these 
inclusion complexes can also improve the stability and solubility of guest molecules in 
water through hydrogen bonds, van der Waals forces, electrostatic forces, or 
hydrophobic interactions.5-11 In addition, CDs have many advantages to build a 
biocompatible system. These advantages include their well-researched pharmaceutical 
and toxicology profiles as drug delivery agents, their low immunogenicity as 
oligosaccharides and their multiple sites for attachment of function groups such as 
cations or cell-targeting groups, which does not interfere too much with the self-
assembly properties of the large molecules such as proteins. Thus, CDs are often used 
as off-the-shelf biocompatible host molecules for inclusion of lipophilic guest 
molecules. 3-5 
                                                                                                                           Chapter 4 
 
  
 68  
As described in Chapter 3, the highly luminescent polymer-shelled CdSe/ZnS quantum 
dots have long-term stability under complex biological conditions. However, in order 
to make quantum dots biocompatible, biocompatible CDs are chosen in this work to 
coat on the surface of quantum dots, and sodium dodecylsulfate (SDS) molecules are 
further used to transfer them into aqueous solution.  As shown in Scheme 4.1, in the 
trinary system, CDs join both the aliphatic capping reagent (trioctaphosphine oxide, 
TOPO) and the hydrophobic end of surfactant (SDS) by the formation of host-guest 
inclusion complexes, which makes biocompatible QDs. In order to make the complex 
more robust for bioapplications, optimized methods to prepare biocompatible quantum 
dot-biomolecule conjugates are also proposed in this chapter, and the ligands for the 
future work have been synthesized successfully. According to the preliminary results 
and discussion in Chapter 3 and Chapter 4, it is expected the resultant biocompatible 
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Figure 4.1 A. Structure of cyclodextrins (CDs): n=6, α-CD; n=7, β-CD; n=8, γ-CD. B. 
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Figure 4.2 Formation of CD inclusion complexes through host-guest interaction in 
aqueous solution; Small circles represent water molecules. 
 
 
Scheme 4.1 Formation of trinary system of capping reagents, CDs and surfactants. In 
the trinary system, CDs join both the aliphatic capping reagent and the hydrophobic 
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4.2 Experimental 
4.2.1 Synthesis and Characterization of Cyclodextrin Derivatives and 
“Guest” Molecules for Preparation of Biocompatible Quantum Dots 
Four target products for the preparation of biocompatible quantum dots involving 
cyclodextrin derivatives as “host” molecules and their “guest” molecules have been 
designed and synthesized through the synthesis of nine intermediate organic 
compounds as the following routes (Scheme 4.2 – 4.5): 
 


















To a stirred solution of triphenylphosphane (4.01 g, 15 mmol) and iodine (4.05 g, 15 
mmol) in dry N, N-dimethylformamide (30 mL) was added β-cyclodextrin (1.14 g, 1.0 
mmol). The solution was stirred at 80 °C for 15 hours. It was then concentrated under 
vacuum to 1/3 volume and the pH was adjusted to 10 by the addition of 3 M sodium 
methoxide in methanol (30 mL). It was incubated at room temperature for 1 hour to 
destroy the esters formed in the reaction, after which it was poured into methanol (100 
mL). The slightly yellow precipitation was collected by filtration, dried superficially, 
and Soxhlet extracted with methanol for 20 hours. After vigorous drying, the 
21 22 23
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compound was recovered as a white powder. Yield: 87%. 1H NMR (CD3SOCD3, ppm) 
δ: 3.29-3.47 (m, 21H), 3.58-3.68 (m, 14H), 3.81 (bd, 7H), 4.99 (d, 7H), 5.94 (d, 7H), 
6.05 (d, 7H).  13C NMR (CD3SOCD3) δ: 9.6 (C-6), 71.0 (C-2), 72.3 (C-3, C-5), 86.1 
(C-4), 102.3 (C-1). FAB-MS (m/z): 1927.4 for [M+Na]+, 1904.4 for [M+H]+, 1800.5 
for [M+H+Na-I]+.  
Per-6-thio-β-cyclodextrin (23)13 
Per-6-thio-β-cyclodextrin (1.9 g, 1 mmol) was dissolved in N, N-dimethylformamide 
(20 mL) and thiourea (0.61 g, 8 mmol) was then added and the reaction mixture heated 
to 70 °C under a nitrogen atmosphere. After 19 hours, the N, N-dimethylformamide 
was removed under reduced pressure to give yellow oil, which was dissolved in water 
(100 mL). Sodium hydroxide was added and the reaction mixture heated to a gentle 
reflux under nitrogen protection. After 1 hour, the resulting suspension was acidified 
with aqueous KHSO4. The precipitate was filtered off, washed thoroughly with 
distilled water and dried. To remove the last traces of N, N-dimethylformamide, the 
product was suspended in water and the minimum amount of potassium hydroxide 
added to give a clear solution; the product was then re-precipitated by acidified with 
aqueous KHSO4. The resulting precipitate was filtered off and dried under vacuum as a 
white powder. 1H NMR (CD3SOCD3, ppm) δ: 2.12 (m, 7H), 2.76 (m, 7H), 3.18 (bd, 
7H), 3.30-3.40 (m, 14H), 3.60 (t, 7H), 3.68 (t, 7H), 4.92(d, 7H), 5.81 (s, 7H), 5.96 (d, 
7H).  13C NMR (CD3SOCD3) δ: 31.7 (C-6), 70.3 (C-2), 72.5 (C-3, C-5), 89.0 (C-4), 
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11-Tritylsulfanyl-undecanoic acid (25)14  
11-Mercapto-undecanoic acid (2.18 g, 10 mmol) was added to 20 mL trifluoroacetic 
acid until the solution became clear. Triphenylmethanol (2.5 g, 10 mmol) was added to 
the solution at room temperature. The solution changed to dark orange. The reaction 
was continued at room temperature for another 1 hour. The solvent was removed by 
reduced pressure evaporation. The oil residue was dissolved in ethyl acetate, and 4.0 g 
product was obtained as white solid by column chromatography. Yield: 90%. 1H NMR 
(CDCl3, ppm) δ: 1.25-1.42 (m, 14H), 1.64 (t, 2H), 2.15 (t, 2H), 2.36 (t, 2H), 5.32 (s, 
1H), 7.23-7.31 (m, 9H), 7.43 (d, 6H). ESI-MS (m/z): 215.0 for [M-Ph3CS-H]+. 
 
               24                                                                              25 
   27                                                                            26 
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6-O-(11-tritysulfanyl undecanoic)-β-cyclodextrin (26)16 
A solution of β-cyclodextrin (1.14 g, 1 mmol), 11-tritylsulfanyl-undecanoic acid (1.38 
g, 3 mmol) and (4-dimethylamino) pyridine (0.36 g, 3 mmol) in N, N- dimethylformam
ide (100 mL) was cooled to 0 °C and 1-(3-dimethyl amino) -3-ethylcarboiimide 
hydrochloride (0.58 g, 3 mmol) was added. The solution was stirred for 1 hour at 0 °C 
and then stirred for 24 hour at room temperature.  When the reaction stopped, the 
solvent was evaporated to give an oily mixture. CH2Cl2 was poured into the oil to get 
white solid. The solid was filtered off, and recrystallized with water to get 1.6 g 
product.  1H NMR (CD3COCD3, ppm) δ: 1.15-1.48 (m, 48H), 2.07 (t, 6H), 2.31 (t, 6H), 
3.24-3.47 (m, 21H), 3.57-3.64 (m, 21H), 4.83 (d, 7H), 5.70 (d, 7H), 5.75 (d, 7H), 7.23 
(t, 9H), 7.31 (m, 27H).  
6-O-(11-mercapto undecanoic -β-cyclodextrin (27)16,17 
Trifluoroacetic acid was added to 6-O-(11-tritylsulfanyl undecanoic)-β-cyclodextrin 
(1.23 g, 0.5 mmol) until it became clear. A solution of triethylsilane in TFA was added 
to the solution until it became colorless. The solvent was removed in vacuo. Methanol 
was added and evaporated three times to remove residual acid. After the residue was 
incubated with ether for 2 hours, the liquid was poured off. Rinses were repeated three 
times. The left ether was evaporated by rotary evaporation. The product was obtained 
as a white powder. Yield: 76%. 1H NMR (CD3COCD3, ppm) δ: 1.10-1.34 (m, 48H), 
1.52 (t, 3H), 2.05-2.30 (m, 12H), 3.29-3.41 (m, 21H), 3.53-3.63 (m, 21H), 4.86 (d, 7H), 
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Tri (ethylene glocol) monomethyl thiol (29)18 
Triethylene glycol monomethyl ether (1 g, 6.09 mmol) was dissolved in 1.2 mL 
pyridine and cooled to 0 °C. 4-chlorophenyl sulfonate (p-TsCl) (1.16 g, 6.09 mmol) 
dissolved in 1.2 mL pyridine was added dropwisely under N2. The reaction was stirred 
for 2.5 hours at which point the flask was sealed and stored at 4 °C overnight. This 
mixture was then added to 12 mL of ice water and stirred for 1 hour. Extraction of this 
solution with CH2Cl2 permitted isolation of the tosylate as an oil. It was immediately 
dissolved in a minimum amount of ethanol and transferred to a flask, to which thiourea 
(0.464 g, 6.09 mmol) dissolved in 1.5 mL of H2O was added. The reactants were 
refluxed for 2 hours. NaOH (0.268 g, 6.7 mmol) in water was then added, the reflux 
was maintained for 1.5 hours. The solution was cooled to room temperature, 
concentrated, and neutralized with HCl, the product was extracted from this aqueous 
solution with dichloromethane and isolated as a yellow oil that was purified by column 
chromatography, producing 1.06 g thiol. 1H NMR (CDCl3, ppm) δ: 1.56 (t, 1H), 2.67 
(q, 2H), 3.36 (s, 3H), 3.56 (m, 10H). 
 
          28                                                                                                       
       29                                                   An alkylisothiourea salt 
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11-Tritylsulfanyl-undecanoic acid adamantan-1-ylamide (30)19 
To a solution of 11-tritylsulfanyl-undecanoic acid (2.3 g, 5 mmol) in 8 mL N, N-
dimethylformamide was added dicyclohexylcarbodiimide (1.1 g, 5.1 mmol) in 8 mL  
CH2Cl2. The reaction solution was stirred overnight to ensure the complete formation 
of active ester. 1-amino adamantine was added to the solution of active ester. The 
reaction mixture was at room temperature for 4 hours. Precipitates were removed by 
filtration, and the filtrate was concentrated in vacuo to remove the organic solvent. To 
the remaining solution was added 40 mL ethyl acetate. The organic layer was washed 
with water (20 mL), saturated NaHCO3 solution (20 mL×3), 4% HCl (20 mL×3), 
and brine (30 mL ×2) and was dried over anhydrous MgSO4 powder. After filtration, 
the filtrate was concentrated in vacuo to give a white solid, after drying, 2.6 g white 
solid was obtained.  Yield: 87%1H NMR (CDCl3, ppm) δ: 1.14-1.42 (m, 14H), 1.69 (s, 
6H), 2.06-2.08 (m, 5H), 2.17 (t, 2H), 5.15 (s, 1H), 7.22 (t, 3H), 7.29 (t, 6H), 7.43 (d, 
6H).  
 
11-Mercapto-undecanoic acid adamantan-1-ylamide (31)18  
Trifluoroacetic acid was added to 11-tritylsulfanyl-undecanoic acid adamantan-1-
ylamide (1.2 g, 2 mmol) until it became clear. A solution of triethylsilane in 
dichloromethane (1:1) was added to the solution until it became colorless. The solution 
25                                                    30                                                        31 
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was stirred at room temperature under N2 protection for 1 hour. 30 mL 
dichloromethane was added to the solution. The solution was washed with saturated 
NaHCO3 solution till the pH in the organic layer was beyond 7. The organic layer was 
dried by anhydrous MgSO4. After filtration the solvent was removed under reduced 
pressure. The product was used for the next step without further purification. A portion 
of the raw product was separated by column chromatography for the characterization.  
1H NMR (CDCl3, ppm) δ: 1.17-1.40 (m, 14H), 1.68 (s, 6H), 2.05 (s, 3H), 2.07 (t, 2H), 
2.10 (t, 1H), 2.14 (m, 3H), 5.07 (s, 1H). 
 
4.2.2 Preparation of Biocompatible Quantum Dots Coated by 
Cyclodextrin Derivatives  
4.2.2.1 Preparation of Cyclodextrin-Modified Quantum Dots 
γ-CD (99%) were purchased from Aldrich. Chemicals for synthesis of TOPO-capped 
CdSe/ZnS QDs purchased from Aldrich include trioctylphosphine oxide (TOPO, 90%), 
trioctylphosphine (TOP, 95%), hexamethyldisilathiane ((TMS)2S), diethylzinc (ZnEt2), 
HPLC grade n-hexane, methanol, pyridine, and 1-butanol. 1 M solution of 
trioctylphosphine selenide was prepared by dissolving 0.1 mol Se shots in 100 mL 
TOP.  
The TOPO-capped CdSe/ZnS QDs were prepared as the procedures described in 
Chapter 3. Before the preparation of CD-modified QDs, QDs were washed with 
acetone and methanol twice to remove the excess unbound capping ligands, followed 
by dispersing them in 1 mL mixed solvent (CH2Cl2/hexane = 1 : 1). The obtained QD 
solution was added to a 2 mL CD aqueous solution, and then the mixed solution was 
shaken by ultrasonicator for 6 hours. The obtained homogeneous milky mixture was 
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further shaken for another 2 days at room temperature and 4 hours at 50 °C. The 
precipitates were collected after centrifugation, and then washed with water twice 
before freeze-drying.  
 
4.2.2.2 Preparation of QD-CD-Surfactant Trinary Complexes 
The obtained CD-modified QDs (10 mg) were dispersed into 1 mL water containing 1 
mg SDS and shaken for 6 hours at room temperature. The free SDS was removed by 
centrifugation at high rotating speed of 10,000 rounds per minute (rpm). The obtained 
mixture was then subjected to freeze-drying.  
 
4.3 Results and Discussion 
4.3.1 Characterization of Inclusion Complexes 
It is demonstrated that CD can form inclusion complexes with the capping reagents 
(TOPO) on the surface of QDs. Upon addition of the QDs solution to the solution of 
CDs, a cloudy solution was formed immediately. After being shaken for 2 days, the 
organic layer became colorless and a color suspension formed in the upper aqueous 
layer (Figure 4.3). This indicates the solubility of the obtained QD-CD inclusion 
complexes in water was greatly reduced comparing with the corresponding free CDs. 
However, the milky suspension solution of the inclusion complex in water became 
transparent after addition of trace amount of SDS. In a control experiment, the same 
amount of TOPO-capped QDs dissolved in dichloromethane and hexane were stirred 
with a solution of SDS in water for 2 days, and there were no QDs observed in the 
upper aqueous solution. This indicates that CDs are required for the phase transfer of 
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QDs from organic to aqueous phase. As mentioned before, CDs can form host-guest 
inclusion complexes with the TOPO capping reagents of QDs and the large cavity of 
CD has enough space to include the hydrophobic end of SDS. Thus, CDs in this 
system can serve as “knots” to join the surface-capping reagents of QDs and SDS, 
which remarkably increased the water solubility of the inclusion complexes. 
It has been demonstrated that FTIR is a very useful tool to prove the presence of both 
“guest” and “host” components in the inclusion complexes.12 Figure 4.4 shows the 
FTIR spectra of TOPO-capped CdSe/ZnS QDs, pure CDs, QD-CD complexes and 
QD-CD-SDS trinary complexes. The FTIR spectra of the complexes displayed the IR 




                                                       
 
Figure 4.3 Phase transfer of quantum dots from organic to aqueous solution, which 
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Figure 4.4 FTIR spectra of (a) TOPO-capped CdSe/ZnS QD, (b) Pure CD, (c) QD-CD 
inclusion complexes, and (d) QD-CD-SDS inclusion complexes. No clear IR band is 
observed from CdSe/ZnS QDs due to the dense coating of quantum dots with 
cyclodextrins. In curve (a), the sharp band (~1200 cm-1) is assigned to the O=P 
vibration from TOPO. In (b), (c) and (d), a broad peak (~1000~1200) is assigned to the 
C-O vibrations from CD. 
 
 
4.3.2 Stability of Inclusion Complexes 
At solid state, the obtained inclusion complexes were quite stable under ambient 
atmosphere conditions. There was no detectable fluorescent decay after being stored 
for two or three months. The obtained aqueous solution of the inclusion complex was 
also very stable, because no precipitates or aggregates of quantum dots were observed 
after storage for a month.   
For QDs to be broadly used in biological applications, it is important to understand the 
factors that affect their optical properties, such as emission stability in aqueous 
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solution. In my study, the stability was measured according to their changes in 
fluorescence intensity. The results show that the fluorescent stabilities of QD-CD 
inclusion complexes are exceptionally good in comparison with those of water-soluble 
QDs capped with conventional bifunctional small organic ligands such as 
mercaptoacetic acid (MCA) and amino-ethanethiol (AET) capping. Figure 4.5 
illustrates fluorescence intensity change of the QD-CD inclusion complexes with time 
in water at 50 °C. Fluorescence intensity of the inclusion complexes was observed to 
increase 3 fold with heating in the first 5 hours, and to keep relatively constant in the 
subsequent measurement. Moreover, with heating, no obvious emission spectra change 
was observed.  
After adding them to HCl aqueous solutions, a postponed decrease of the fluorescence 
intensity was found for QD-CD inclusion complexes compared to those MCA- and 
AET-capped QDs, suggesting the protection function of CDs. As shown in Figure 4.6, 
under weak acid conditions (pH = 3 and pH = 5), the fluorescence intensity of the CD-
QD inclusion complexes shows a decrease of 15 ~ 20% from the original values. At 
neutral conditions, especially at pH = 7.4, which is the same pH value as biological 
environments, QD-CD inclusion complexes have no obvious change of fluorescence 
intensity. Furthermore, the addition of cadmium ions (0.1 M) to the AET- and MCA-
capped QDs induced an immediate aggregation of the quantum dots, yet there was no 
similar aggregation observed in the QD-CD inclusion complex solutions. All these 
results indicate that the CDs play an important role in protecting the QDs from the 
destructive molecules in aqueous environments.  
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Figure 4.5 Thermal stability and emission spectrum change of QD-CD inclusion 
complexes (10mg/mL) at 50 °C. 
   
           


















pH = 7.4 PBS buffer
 
Figure 4.6 Effects of pH on the photoluminescence of QD-CD inclusion complexes.  
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4.3.3 Optimized Preparation of Biocompatible Quantum Dots and 
Future Work 
In this chapter, highly luminescent and water-soluble QDs were prepared by the simple 
post-synthesis modification with biocompatible CDs on the basis of host-guest 
interactions. It was shown that, after the resultant QD-CD complexes were transferred 
into the aqueous phase, no remarkable reduction of their quantum yields were observed.  
It is known that suitable “guest” molecules with hydrophobic alkyl/aromatic moieties 
can form robust complexes with CDs, just like “lock and key”.2 If these “guests” have 
reactive groups to form a covalent bond with the biomolecules of interest, the CD-
coated QDs will be ready to be bioconjugation for making biocompatible QDs as 
biological labels (Figure 4.7). For this purpose, I have designed and synthesized the 
thiol-terminated “guest” molecules including tri (ethylene glocol) monomethyl thiol 
and 11-tritylsulfanyl-undecanoic acid adamantan-1-ylamide, which are used to 
exchange with TOPO molecules coated on the surface of QDs for making water-






Figure 4.7 Formation of biocompatible QD-biomolecule conjugates by host-guest 
interaction of surface-attached CD molecule with thiol-terminated “guest” which is 
linked to biomolecules. 
S 
Biomolecule
   HS
Cyclodextrin 
“Guest” of Cyclodextrin 
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Similar to the method in Chapter 3, I have also designed a new approach to cross-link 
the surface-attached CDs as shown in Figure 4.8. Thiol-terminated CD molecules will 
first attach on the surface of quantum dots to make them biocpmpatible, followed by 
cross-linking them with the bifunctional organic ligands using the secondary hydroxyl 
groups of CDs. For this purpose, I have synthesized per-6-thio-β-cyclodextrin and 6-
O-(11-mercapto undecanoic)-β-cyclodextrin which are used for cross-linking with 
bifunctional organic ligands such as 4,4-bis-ethoxycarbonyl-heptanedioic acid (B2 in 
Table 3.1). Moreover, if the biomolecules are covalently attached to the “guest” 
molecules such as ferrocene, adamantane or aromatic compounds, the modified 
biomolecules will be encased in CD molecules by “host-guest” interaction. According 
to the preliminary results and discussion in Chapter 3 and Chapter 4, it is expected the 
resultant biocompatible quantum dots will also be stable in aqueous solution and ready 
for biological labeling. 
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Figure 4.8 Schematic demonstration for stabilizing biocompatible QD-biomolecule 
conjugates: A. An as-prepared quantum dot that is stabilized in organic solvent by 
TOPO molecules. B. A biocompatible quantum dot that is obtained by being coated 
with thiol-terminated CDs through ligand exchange. C. The biocompatible quantum 
dot that is stabilized by cross-linking CD molecules to form the polymer-shell. D. 
“Guest” molecules linking with analytes that are encased in CDs through “host-guest” 
reactions for bioconjugation.   
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Chapter 5   Concluding Remarks 
 
Bifunctional small organic ligands are often used to coat on the surface of quantum 
dots to render them water-soluble for biological applications. As these small ligands 
are easily desorbed from the quantum dots, the inorganic cores are subsequently liable 
to be destructed and further precipitate while exposing to oxidizers, acids or radiation. 
In order to improve their chemical, photochemical and thermal stability, nine 
bifunctional small organic ligands were designed and synthesized to be adsorbed on 
the surface of quantum dots, and further to be cross-linked to form a layer of polymer 
shell. Due to the hermetical wrapping of quantum dots, the resultant polymer-shelled 
quantum dots were proven to have high chemical, photochemical and thermal stability 
under acidic, oxidic, UV radiative, and high-temperature conditions. Cyclodextrins 
(CDs) were also chosen to make biocompatible water-soluble quantum dots on the 
basis of host-guest interaction with trioctaphosphine oxide (TOPO) capping regents. 
Sodium dodecylsulfate (SDS) was further used to enhance their water-solubility 
through the formation of TOPO-CD-SDS inclusion complexes. In order to stabilize 
these biocompatible quantum dots, optimized methods were further proposed to cross-
link the surface-coated ligands, including the newly synthesized cyclodextrin 
derivatives and their “guest” organic ligands. 
 
